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One-dimensional nanostructures such as semiconductor nanowires are
very attractive for application in next generation electronics. This
work presents an experimental study of InAs-based and ZnO-based
nanowires grown by molecular beam epitaxy for electronics applica-
tions.
InAs, InAsP and InAsSb nanowires were grown self-catalytically on
silicon. Phosphorus incorporation was studied by means of HRTEM,
XRD, EDX and PL. The phosphorus incorporation rate was shown
to be 10 times smaller than that of arsenic. InAs and InAsP nano-
wires exhibit the wurtzite structure with a high density of stacking
faults and phase boundaries. Conversely, InAsSb nanowires exhibit
the zincblende structure with the density of stacking faults decreasing
as the antimony content increases. Antimony incorporation and re-
duction of the stacking fault density improves the nanowire mobility.
ZnO and ZnMgO nanowires and ZnO/ZnMgO core-shell nanowire
heterostructures were grown by plasma-assisted molecular beam epi-
taxy on various substrates with gold particles as a growth catalyst.
Nanowire growth was shown to occur only at temperatures between
700 and 850 C and Zn pressures between 1 and 310 7 Torr. A
two-step growth procedure on silicon was implemented to increase
the yield of nanowire growth. Mg incorporation was shown to be 4
times smaller than that of Zn. At Mg content higher than 20 %,
MgZnO rocksalt phase segregation is observed in the as-grown sam-
ples. Core-shell nanowires were fabricated by growing the shell at a
lower temperature of 500 C.ZnO nanowire ﬁeld eﬀect transistors were fabricated and optimised.
High- and low-temperature transport measurements allowed determi-
nation of the bulk nanowire and contact properties. Nanowires grown
on sapphire and silicon were compared. Nanowires grown on sapphire
exhibit an extra donor that determines their low temperature conduc-
tivity and give a wider photoluminescence band-edge emission peak.
A novel technique to measure the spectrum of deep traps in nanowire
ﬁeld eﬀect transistors was implemented to study ZnO nanowires.Contents
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Introduction
“640KB ought to be enough for anybody” Bill Gatesa, 1981
1.1 Background
1.1.1 Transistors
It is truly diﬃcult to imagine that just in the past decade the memory density
in our USB-ﬂash drives has risen by more than 1024 times. No one will take the
epigraph for this chapter seriously any more, even if you put Terabytes instead of
kilobytes. Moore’s law, which states the number of transistors on an integrated
circuit doubles approximately every two years, has held true for the last 40 years
as the dimensions of transistors and memory storage cells shrink inexorably. This
thesis was written with the help of a microprocessor with a 32 nm process (32 nm
being a half distance between identical features), and some of my colleagues are
writing their theses on 22 nm processors. Most of this reduction of the compo-
nent sizes was achieved through traditional scaling [1]. Unfortunately this scaling
inevitably leads to a higher leakage current through the thinner gate oxide due to
quantum tunneling, and to the inability to further reduce the transistor supply
voltage. These, in turn, dramatically increase the power consumption. Several
routes are proposed in order to overcome these problems. One of them, the re-
aTo be fair, this quotation is only attributed to Bill Gates, as no real evidence exists and
Bill Gates himself denies saying that.
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ﬁning of the transistor 3D-geometry (using ﬁnFET or Tri-FET) has already been
used by Intel for their 22 nm process and below [2]. Some of the many extensively
studied technologies that have a high potential for lower power devices include:
high-mobility channels (Ge, GeSb, InAs, InSb), the exploitation of on-chip silicon
photonics for core-to-core communications and the use of spin logic to remark-
ably reduce the supply voltage [3]. Another promising way is to exploit a novel
bottom-up approach for fabricating novel two- and one-dimensional materials,
such as graphene and transitional metal dichalcogenides (MoS2 and WSe2), car-
bon nanotubes and nanowires. 1D-materials can be electrostatically controlled on
the very small scale as opposed to thin ﬁlm transistors; they have higher crystal
quality and thus potentially higher mobility than thin ﬁlms.
1.1.2 Advantages of nanowires
One of the main advantages of nanowires over thin ﬁlms is that nanowires can
grow on almost arbitrary substrates without any structural defects such as dis-
locations. Nanowires are believed to release the misalignment strain on their
sidewalls [4], as opposed to thin ﬁlms, which release the strain by creating misﬁt
dislocations, which may be detrimental to the device performance.
Nanowires made of polar materials, such as GaN and ZnO, usually grow in
the polar directions (along the c-axis), with the non-polar surface exposed on the
side facets. The radial growth on the non-polar side facets helps in eliminating
eﬀects of the built-in electric ﬁeld of the polar surface, and therefore increases
the electroluminescent activity of nanowire LEDs [5].
Photonic nanowires can act as both light emitters and waveguides [6]. Nanowire
solar cells trap light more eﬃciently than thin ﬁlms and thus can use up to 10
times less material with the same eﬃciency [7]. Nanowires which have both
semiconductor and piezoelectric properties, such as ZnO, GaN and InN, can be
fabricated into piezotronic devices [8], which will be much more sensitive than
their thin ﬁlms counterparts, and can be used as accurate pressure sensors, nano-
generators, piezoelectric transistors and piezoelectric diodes.
In addition to these beneﬁts, the combination of materials inside the nanowire
expands the palette of possible devices even further, allowing fabrication of p-n
20diodes [9], memory storage devices, laser diodes [10], quantum cascade lasers,
photodetectors [11], giant magnetoresistance cells, resonant tunnelling diodes [12]
and single electron transistors [13].
As nanowires with diameters on the order of their Bohr radius are in fact
one-dimensional materials, quantum laws govern their properties. These laws
may facilitate creation of the devices with not just better sensitivity or better
accuracy, but with completely new principles of operation. The exotic Majorana
particle (a particle which is its own antiparticle) in nanowires, the search for
which has started recently, is a perfect example of the completely new quantum
behaviour that does not have any analogues in the macro world.
1.1.3 Disadvantages of nanowires
As with any new material, considerable research is still required for nanowires
to ﬁnd a niche in the electronics market. Several problems need to be faced,
one of them being the integration of nanowire technology with the developed
CMOS technology. Direct growth of nanowires on silicon oﬀers a potential for
this integration. However, the usual route for nanowire growth is the vapour-
liquid-solid (VLS) method that requires a metal seed particle for the nanowire
growth. The metals typically used as catalysts are gold and silver, which both
diﬀuse into silicon and create deep defect states which are detrimental for the
silicon device properties. One of the possibilities to overcome this problem is to
use catalyst-free and self-catalysed growths. Recently some research groups have
started investigating this approach [14].
The full control of nanowire properties is still lacking. Fabrication of an
array of perfectly uniform nanowires is still a very diﬃcult task. This lack of
control will also hinder the fabrication of the nanowire functional devices, such
as heterostructures and quantum wells. To overcome this problem, very accurate
growth techniques should be used. Molecular beam epitaxy (MBE) allows very
slow growth rates, high control over the growth substrate and growth parameters,
very clean elemental sources, and growth of heterostructures with the most abrupt
interfaces achieved [15; 16]. This makes MBE the most reliable growth technique
that can be potentially used to improve nanowire uniformity.
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Semiconductor nanowires, like all semiconductor structures, are signiﬁcantly
aﬀected by impurities and defects. Moreover, due to the high surface-to-volume
ratio, surface states are much more important for nanowires than for bulk semi-
conductors. There are many techniques to investigate the properties of nanoscale
devices, but at present no technique exists which allows the measurement of quan-
tum states in nanowire devices, that is reliable, highly sensitive, non-destructive,
and requires neither ultra-low temperatures nor laborious sample preparation.
Such techniques are urgently needed for modern nanoelectronics, as was high-
lighted in the International Technology Roadmap for Semiconductors 2013 [17].
Bulk materials, on the other hand, have been studied extensively by variety of
techniques, one of the most accurate and versatile of those being deep level tran-
sient spectroscopy (DLTS) [18]. In its best conditions, it can detect impurities at
a concentration of one part in 1012 of material host atoms. Usually it operates by
monitoring capacitance transients produced by electrically pulsing the semicon-
ductor junction at diﬀerent temperatures. This generates a spectrum with peaks
for each quantum state. However, it cannot be applied to single nanowires due
to the nanowire’s small contact area. Developing the DLTS technique for its ap-
plication to nanowire research will expand the nanowire investigation technique
toolkit, and may provide invaluable information on the electronic properties of
nanowires.
1.2 Materials investigated in this work
This work has two diﬀerent materials families as its research objects: InAs-based
nanowires and ZnO-based nanowires.
InAs is used today in the infrared detectors and high electron mobility tran-
sistors due to its low energy band gap of 0.334 eV and high electron mobility
of 40,000 cm2/(Vs) which is 100 times higher than that of silicon. InAs-based
nanowires have the potential to be used in future integrated nanowire-CMOS
devices. Self-catalytical growth of the wires on silicon avoids gold diﬀusion from
the gold catalyst into silicon. The combination of InAs with InP or InSb oﬀers
extension of nanowire functionalisation. As will be shown in this work and in
other works [14], self-catalysed nanowires grow with a multitude of interphase
22boundaries which limit the nanowire mobility. Doping InAs with other materials
(such as Sb) may reduce the amount of these boundaries [19]. Moreover, InAs and
InSb with their strong spin-orbit interaction were proposed to become a medium
for a Majorana particle search. Therefore, the optimisation of the self-catalysed
growth of InAs, InAsP and InAsSb nanowires using MBE, and the study of the
eﬀect of phosphorus and antimony incorporation into InAs is the ﬁrst task of this
thesis.
ZnO is one of the most prominent materials in the metal oxide family [20]. It is
a transparent semiconductor with optoelectronic, piezoelectric and possible spin-
tronic applications. It has a wide direct band gap (3.37 eV at room temperature)
and a high exciton binding energy (67 meV), which is 3 times larger than that of
GaN. Another beneﬁt of ZnO is that both zinc and oxygen are earth abundant
materials, as opposed to gallium or indium. Although the growth of high-quality
ZnO thin ﬁlms is hindered by the lack of suitable substrates, ZnO nanostructure
growth is routinely achieved via a variety of methods [21; 22]. Improvement of
the nanowire growth, and fabrication of the core-shell and axial heterostructures
and functional electronic devices that would be able to compete with the usual
materials, are the main directions in today’s ZnO nanotechnology.
1.3 Structure of the thesis
The work presented in this thesis is broken down into three main topics: the self-
catalysed growth of InAs nanowires and related alloys; gold-catalysed growth of
ZnO and ZnO/ZnMgO core-shell nanowires; and the fabrication of ZnO nanowire
ﬁeld eﬀect transistors.
Chapter 2 provides the scientiﬁc background and world perspective on the
current nanowire research with the main focus on ZnO-based and InAs-based
nanowires.
Chapter 3 gives an account of the methods used in this work: experimental
techniques and theoretical models.
The experimental work is presented in chapters 4 to 6. Chapter 4 describes
InAs nanowire growth by self-catalysed MBE, and presents the study of phos-
phorus and antimony incorporation in the InAs nanowires. Chapter 5 describes
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gold-assisted oxide-MBE growth of the ZnO nanowires on various substrates, Mg
incorporation into the ZnO nanowires and ZnO/ZnMgO core-shell heterostruc-
ture growth. Chapter 6 describes the electronics applications of the ZnO nanowi-
res: fabrication and optimisation of the nanowire ﬁeld eﬀect transistor, correlation
between optical and electrical properties of the nanowires grown on diﬀerent sub-
strates, and introduces a novel method of investigation of the deep level traps
and surface states in ZnO nanowires.
Chapter 7 summarises the work, presents conclusions and outlines future work
that is needed for the development of the structures studied in the present work.
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Semiconductor nanowires
2.1 Nanowire applications
A brief survey of nanowire applications is presented in this section. More infor-
mation on nanowires can be found in the following reviews: [23–25] on nanowire
electronics, [26] on InAs-nanowire devices, [11; 27] on ZnO nanowires, [28] on
nanowire growth.
Low-dimensional systems have one or more dimensions in the range 1 to 100
nm. Two-dimensional nanostructures or quantum wells have been in a wide use
for 40 years [29]. Semiconductor nanowires are 1-dimensional structures that
are limited in 2 dimensions. Although the growth of the ﬁrst nanowires was
described 50 years ago [30], nanowire research has progressed relatively slowly
until recently due to the diﬃculties of synthesis and fabrication of nanowires with
well-controlled properties. Progress in the study of carbon nanotubes (another 1-
dimensional material [31]) boosted semiconductor nanowire research. In the last
15 years, together with the development of growth techniques, nano-fabrication
and manipulation equipment, a lot of eﬀort has been directed into nanowire
research. As a result, a large variety of nanowires of diﬀerent semiconductor
materials and nanowire devices have been fabricated.
Optical devices include ultraviolet optically [32] and electrically pumped ZnO
nanowire-array lasers [10; 33], electrically pumped single nanowire laser [34] (on
CdS nanowire), infrared lasers [35] and tunable, surface plasmon-polariton en-
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hanced lasers [36]. Nanowire photodiodes [11; 37–39] (and those based on ZnO
nanowires [40; 41]) and solar cells [42; 43] have been fabricated. Nanowire light
emitting display (LED) technology has matured over the past 10 years [44–46],
and is already able to compete with comparable thin ﬁlm technologies. Many
companies are at their ﬁnal stage before releasing to market, including large in-
dustrial players such as Samsung, Panasonic and LG alongside small startups
such as glo, Aledia and Ecospark [47] (ﬁgure 2.1.a,b).
(a)  (b) 
Figure 2.1: (a) Aledia nanowire core-shell GaN LED, from [48]; (b) glo nanowire
core-shell InGaP LEDs, from [5].
Improved structural properties and one-dimensional transport can lead to
electronic devices with better performance. Nanowire ﬁeld eﬀect transistors with
diﬀerent geometries have been fabricated [26; 49–52]. The best top-gate ﬁeld
eﬀect transistor has enabled InAs nanowire room temperature mobilities higher
than 6,000 cm2/(Vs) [50]. Devices exploiting quantum eﬀects in nanowires have
been fabricated, such as single-electron transistors [13; 53] and resonant tunneling
diodes [12; 54].
Due to the large surface-to-volume ratio, nanowires are very surface-sensitive.
This surface sensitivity has been exploited in the fabrication of nanowire gas
sensors [55; 56]. The large surface area of nanowires accommodates strain; this
has been used in lithium ion battery performance improvement [57].
It has been shown that ZnO and InAs nanowires can be used as tips for
scanning tunneling microscopy [58; 59].
Nanowires may contribute to thermoelectric materials research [60]. In order
26to improve the eﬃciency of thermoelectric materials, it is desirable to increase
the electrical conductivity and to decrease the thermal conductivity. Nanowires
are believed to have high phonon scattering due to their dimensions, and thus
reduced thermal conductivity. A giant thermoelectric voltage was demonstrated
on InAs nanowires due to their very high charge carrier mobility [61].
It is believed that nanowires made of materials with high spin-orbit coupling,
may hold the key to observing and manipulating the so far elusive Majorana
particles [62; 63]. The Majorana particle (or Majorana fermion) is a quasiparticle
that is its own antiparticle, and which is believed to reside on the tips of the
nanowire and be extremely stable against thermal ﬂuctuations.
A new scientiﬁc ﬁeld combining nanoelectronics and piezoelectronics, “piezotron-
ics”, was created by the Zhong Lin Wang group [8; 64; 65]. It studies ZnO
nanowire based piezoelectric ﬁeld eﬀect transistors.
This large array of potential nanowire applications requires a large amount of
high quality research on optimising the conditions of the nanowire growth and
nanowire device fabrication. The next sections address the issues of the nanowire
growth and nanowire device fabrication.
2.2 Nanowire growth
2.2.1 Vapour-liquid-solid growth
The ﬁrst account of nanowire growth was made by Wegner 50 years ago. He de-
scribed the hypothesis of the vapour-liquid-solid (VLS) growth [30]. VLS growth
is based on the presence of three phases: growth material vapours, a liquid cata-
lyst (e.g. gold) and a solid surface (substrate or the nanowire stem). The growth
principle can be explained with the help of the growth material/catalyst material
phase diagram (ﬁgure 2.2.a). We will use the example of silicon and gold [66]:
A small particle of gold is placed on the surface of the silicon wafer. The
substrate is subsequently heated to a temperature Tsub, shown in ﬁgure 2.2.a.
Si vapour is introduced in the growth chamber. As soon as silicon arrives at
the gold surface at temperature Tsub, a liquid alloy ﬁlm of composition CL1
is formed on the surface of the gold particle. The liquid gold-silicon alloy, of
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Figure 2.2: (a) VLS growth Au-Si phase diagram; (b) schematic of the processes
taking part in the nanowire VLS growth.
28composition CL1, is a preferential sink for silicon atoms arriving from the vapour.
During subsequent deposition of silicon, the liquid layer spreads and thickens
until all solid gold is dissolved. From this point on, the composition of the liquid
droplet increases from CL1 to CL2, to a higher silicon concentration. Since the
deposition is carried out at constant temperature, the liquid droplet saturates
with silicon at CL2. The silicon content of the liquid increases further, resulting
in supersaturation (CL3). When the supersaturation is large enough, a silicon
crystal nucleates on the liquid-solid interface and the silicon monolayer grows
relatively quickly. The liquid is now in contact with solid silicon, and the liquid
composition will again be close to the equilibrium value CL2. The next monolayer
growth step will happen after the liquid gold is supersaturated with silicon. The
process of the droplet supersaturation with silicon takes a much longer time than
the monolayer nucleation and growth [67].
Although nanowires are frequently grown with the use of gold catalyst, the
mechanisms behind the VLS growth are still unclear. Several theories of VLS
growth have been proposed [68–72].
The main parameters that govern the nanowire growth are the properties of
the growth chamber and substrate (kinetic), and the properties of the ternary
vapour-liquid-solid interfaces (chemical) – shown in ﬁgure 2.2.b. The kinetic
parameters are: the material ﬂux onto the substrate and directly onto the cata-
lyst and the diﬀusion lengths of the atoms on the substrate surface and on the
nanowire sidewalls (the diﬀusion length depends on the sticking coeﬃcient and
re-evaporation rate). The chemical parameters are: the chemical potential of the
vapour atoms dissolved in gold, the liquid droplet surface and interface tension,
and the wetting angle of the catalyst particle. In diﬀerent conditions, kinetic or
chemical processes may determine the growth, e.g. the Gibbs-Thomson eﬀect of
elevated chemical potential in the liquid droplet will aﬀect the nanowire growth
by decreasing the growth rates of the thinner wires or, in the extreme case, by
prohibiting the growth of the wires with radii below a certain critical value [73].
In [69] it was shown that in the slow growth rate MBE technique the gold droplet
is mainly fed by the substrate adatoms, reaching the top by migrating along the
sidewalls without re-evaporation.
Gold catalyst growth has resulted in highly controllable nanowire morphology
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and physical properties. Nanowires with diameters down to 4 nm have been
fabricated [74]. Full control over polytypism (wurtzite and zincblende structures)
of the InAs nanowires have been achieved by use of the VLS method [75; 76].
There is a wide variety of techniques for semiconductor nanowire growth: elec-
trochemical deposition, aqueous chemical growth, pulsed laser deposition, metal
organic vapour phase epitaxy (MOVPE) or chemical vapour deposition (CVD),
plasma enhanced chemical vapour deposition (PECVD), pulsed laser deposition
(PLD), carbo-thermal evaporation, vapour phase transport, aerotaxy, chemical
beam epitaxy (CBE) and molecular beam epitaxy (MBE) [27; 32; 77–80]. Each
has its own advantages and disadvantages, and by choosing one over another,
researchers are able to reach a compromise between the cost of the growth in-
strument and the quality of the resultant structure.
Although metal catalyst MBE growth has been regularly used to grow InAs
nanowires [81; 82], only one group has reported using MBE to grow ZnO nano-
wires [83]. Heo et al. observed growth of non-uniform array of single crystal ZnO
nanowires with the use of silver catalyst at approximately 400 C.
2.2.2 Metal catalyst for VLS growth
There are several methods to prepare gold particles, each oﬀering its own ad-
vantages. One of the most used methods is the de-wetting of thin gold layer
by the high-temperature annealing [84]. Depending on the annealing time and
temperature, substrate material and roughness, it is possible to control the size
distribution of gold particles. Notwithstanding its popularity, this method does
not allow full control over the particle sizes and positions. Full control over
these properties can be obtained by electron beam lithography [51] or nanoim-
print lithography [85]. In order to grow nanowires on an arbitrary surface, it is
possible to deposit a catalyst by focused ion beam deposition [86]. Other meth-
ods with controlled particle sizes but uncontrolled positions include colloidal gold
deposition or gold aerosol deposition [87]. Some other less used methods are:
nanosphere lithography, the chemical arrangement of Au nanocrystals from sus-
pensions, gold deposition masks based on porous alumina etc. [28].
Several other materials have been investigated as possible catalysts for nanowire
30growth: silver, nickel, gallium, aluminium [83; 88–90]. Nickel, gold and silver
impurities diﬀuse during the growth from the catalyst to the silicon substrate,
creating deep traps in silicon which aﬀect electron transport [90], therefore, they
cannot be used for direct integration of nanowires on silicon microchips. Alu-
minium catalyst was used instead of gold to eliminate the eﬀect of deep levels
[88], as it is used as a metal contact during the usual silicon microfabrication
steps. Although the foreign metal catalyst provides highly controllable condi-
tions for the nanowire growth, the nanowire appears to be contaminated with
catalyst metal atoms on the order of 0.1 atomic per cent, as was shown by atom
probe tomography [91]. In order to reduce the foreign atom contamination, gal-
lium droplets may be used to grow GaAs and GaP nanowires [89].
The liquiﬁcation of the catalyst-particle is not always necessary. In some con-
ditions the diﬀusion of the growth material through the solid catalyst is enough to
promote growth [92; 93]. The growth mechanism is thus called vapour-solid-solid
(VSS) mechanism. Sometimes no specially prepared catalyst is used for nanowire
growth. These methods are referred to as “non-catalysed” or “self-catalysed”
growth.
2.2.3 Non-catalysed methods
In order to promote one-dimensional growth various methods are used [71; 94]:
oxide-assisted growth, self-catalytic growth, vapour-solid etc. In some cases
growth parameters may be used to make growth in one speciﬁc direction fa-
vorable. For compound semiconductors one possibility is to have a very large
ratio between two vapours – e.g. As-rich conditions for InAs or O-rich conditions
for ZnO [95].
ZnO nanowires can grow without any catalysts on a variety of substrates, such
as sapphire [77], ZnO [96; 97], GaN [98], silicon [98], metals [99] and graphene
[100]. Self-catalysed ZnO nanowire growth is typically observed at high vapour
ﬂow rates (500 sccm) and vapour pressures (3 Torr and higher). ZnO usually
grows in a single crystalline wurtzite structure with minimal density of planar
defects.
In recent years, InAs nanowires have been grown self-catalytically by MBE
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and CBE [95; 101–103]. A thin oxide layer is found to be the necessary condition
for the nanowire growth [89; 104]. Some researchers have achieved InAs nanowire
growth on etched holes in silicon oxide [105]. Sometimes the strain between the
nanowire and the substrate may lead to a critical diameter of the nanowire in
self-catalysed growth [106].
In most cases, no droplet is visible on the InAs nanowire tip after the growth
completion. There was a debate in the scientiﬁc community as to whether the
growth is governed by the vapour-solid or vapour-liquid-solid growth [103; 107].
Recently, Grap et al. observed droplets on the tips of self-catalysed InAs nano-
wires by gradually lowering the As4 beam ﬂux during the substrate cooling [108].
As a conclusion to this debate, the VLS growth mechanism is recognised as a
governing mechanism for the InAs nanowire growth. Figure 2.3 schematically
shows the mechanism outlined in [107]. According to this work, nanowires grow
in the following sequence: during the heating of the oxidised substrate, small
openings in the oxide layer form (ﬁgure 2.3.b). Indium is deposited in the SiOx
openings and the In on the SiOx surface diﬀuses to the immobile In droplets at
the SiOx openings (ﬁgure 2.3.c). At the interface between these In particles and
the substrate underneath, nanowire growth is initiated by enhancing the growth
rate in one direction in a VLS mechanism (ﬁgure 2.3.d). After deactivation of
the In supply the In droplet and gaseous As form InAs (i.e. the indium droplet
recrystallises, ﬁgure 2.3.e).
In contrast to gold-assisted growth, self-catalysed growth has one problem
that is detrimental to the performance of the electronic devices: nanowires grow
in two phases, hexagonal wurtzite (WZ) and cubic zincblende (ZB), and have a
large density of stacking faults and ZB-WZ phase boundaries. The free energies of
these two phases, WZ and ZB, are very similar and they appear randomly along
the wire. According to another theoretical explanation of the WZ and ZB growth
[109], the new atomic layer nucleation starts at the point of solid/liquid/vapour
interface, where exists a major diﬀerence between ZB and WZ nuclei. At low
level of catalyst droplet supersaturation, WZ phase nucleation is favoured over
ZB phase. This explains the regular observation of ZB phase at the beginning of
the nanowire growth. The diﬀerence in the WZ and ZB structures is outlined in
the next paragraph.
32InAs 
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Figure 2.3: Schematic of the growth mechanism of the self-catalysed growth of
nanowires, from [107].
III-V nanowires usually grow in the (111) or (0001) direction for ZB and
WZ structures respectively. The diﬀerence in wurtzite, zincblende and 4H struc-
tures is presented in ﬁgure 2.4.a-c (from [110; 111]). In the direction of nanowire
growth the structures can be presented as alternating layers. The order in which
these layers alternate is diﬀerent for wurtzite and zincblende structures. The
zincblende structure, sometimes called “3C”, is presented as ABCABC... Here,
“C” denotes the cubic symmetry and “3” – that the layers repeat each other after 3
layers. Hexagonal wurtzite structure, or “2H” (“H” for hexagonal), is presented as
ABABAB.., and the 4H structure as ABCBABCB... In principle, the zincblende
and wurtzite structures’ spacings can be simply geometrically recalculated. How-
ever, XRD measurements show that the geometrical recalculation is not valid in
real structures. A small displacement from the cubic structure is presented in ﬁg-
ures 2.4.b,c. The authors [110; 111] introduce a parameter called “hexagonality”,
which is the fraction of wurtzite phase in the structure, with hexagonality equal
to 0% in cubic zincblende structures, and 100% in hexagonal wurtzite. They show
that the the distance between layers is dependent on hexagonality (ﬁgure 2.4.d).
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Density functional theory calculations conﬁrm the measurements. For structures
with randomly mixed zincblende and wurtzite crystal plane ordering observed in
self-catalysed III-V nanowires, examination of HRTEM images allows measure-
ment of hexagonality. This method is explained in much more detail in [49].
(a)  (b) 
    
(c)  (d) 
Hexagonality 
Figure 2.4: (a,b,c). Sketch of the unit cell structures of ZB/3C, 4H, and WZ/2H,
respectively. The theoretically obtained deformation of the unit cell as a whole
and the atomic basis within, exaggerated by a factor of 30, is shown in comparison
to the ideal cell constructed from the cubic lattice constant (dashed lines). The
numerical values of the unit cell distortions, especially of the bond lengths dhex
and dcub, are given for InSb. Qualitatively the same changes were found for InAs.
The direction of the displacement of the atoms due to the internal parameters is
indicated by arrows. (d). Experimental and theoretical relative deviations a and
c of the lattice parameters are given as function of hexagonality. The colored
dots denote the average experimental values and the shaded areas indicate the
experimental error of a single measurement. DFT results for internal parameters
set to zero (triangles) as well as after optimisation (crosses) are shown, from [110].
Control over WZ-ZB phase intermixing is very important in device applica-
tions, as the stacking faults and phase boundaries act as scattering centres for
charge carriers and increase the resistivity of nanowires [49; 82].
342.2.4 Ternary compound nanowires.
Nanowire ternary compounds can expand the potential functionality of the nano-
wires and enable band-gap engineering.
2.2.4.1 ZnO-based ternary compounds
ZnO based heterostructures are promising candidates for applications in blue and
ultraviolet light-emitting devices. The band gap of ZnO can be adjusted from 3.3
to 1.8 eV by alloying with CdO [112; 113]. Blue electroluminescence in ZnCdO
nanowires with Cd concentration of up to 45 % and peak luminescence of 2.02
eV has been achieved [114].
The band gap of MgO is 7.7 eV and by alloying with MgO, the band gap
of ZnO can be extended [115; 116]. The comparison of room temperature pho-
toluminescence spectra of ZnO and ZnMgO nanowires is shown in ﬁgure 2.5.a
[117]. The challenge in ZnMgO growth arises due to the fact that MgO grows in
cubic rock-salt structure whereas ZnO is hexagonal wurtzite. Thus, when doping
ZnO with Mg, there is a risk of the MgO cubic phase precipitation [118; 119].
The growth of structures with maximum Mg content without phase separation
are observed at nonequilibrium conditions with the choice of an appropriate sub-
strate. The highest Mg level in Zn1 xMgxO samples has been achieved in thin
ﬁlms grown on a wurtzite BeO buﬀer layer with x reaching 55 % [116].
Heo et. al [117; 120–122] showed that the Mg content has an interesting eﬀect
on the growth of nanowire structures: at low Mg content, wurtzite Zn1 xMgxO
with the same x over the nanowire is observed; with higher x, Mg tends to
segregate on the outer side of the nanowire forming a Mg-rich wurtzite sheath
surrounding the wurtzite Zn-rich core; after further increasing x (about 50 %) the
Mg-rich sheath becomes cubic rock-salt, whereas the Zn-rich core stays wurtzite.
At even higher x, cubic Zn1 xMgxO nanowires grow with no change of Mg content
over the diameter of a nanowire. The change in composition of the nanowire can
be observed by high resolution transmission electron microscopy (HRTEM), high-
angle annular dark ﬁeld (HAADF) TEM and energy dispersive X-ray spectroscopy
(EDX).
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(a)  (b) 
Figure 2.5: (a) Photoluminescence spectra of ZnMgO nanorods, from [117]. (b)
PAs=(PAs + PP) gas composition dependence of the As composition, x, in solid
InAs1 xPx thin ﬁlms at diﬀerent temperatures, from [123].
2.2.4.2 InAs-based ternary compounds
InAs can be alloyed with other III-V materials such as GaAs, InP, InSb, AlN,
GaN. The mechanisms of ternary compound growth were investigated for diﬀerent
growth conditions [124–127]. In some conditions, InAsP growth can be regarded
as simultaneous growth of InAs and InP in a solid solution. Investigation of the
molecular-beam epitaxy growth of InAs1 xPx thin ﬁlms with diﬀerent phospho-
rus ﬂuxes in the chamber shows that the P fraction in solid ﬁlms x is not the
same as the P fraction in the vapour during the growth at diﬀerent temperatures
(ﬁgure 2.5.b). This indicates that the phosphorus and arsenic are not incorpo-
rated in the ﬁlm at the same rate, and the ratio between these rates depend on
temperature. Alloying between InAs and InP in gold-catalysed nanowires has
been studied [70; 128]. Self-catalysed InAsP nanowires, with In droplets as seeds,
were realised by MOVPE [129]. The alloying was studied by photoluminescence
[70], micro-photoluminescence mapping [14], TEM geometric phase analysis [102],
EDX [128] and photocurrent spectroscopy [130]. Self-catalysed ternary InGaAs
nanowires grown by MOVPE [131] and molecular beam epitaxy [14] were realised.
No study on self-catalysed InAsP and InAsSb nanowires by MBE has been carried
out so far.
362.2.5 Axial nanowire heterostructures
Axial heterostructures, which make use of the compositional variation along the
wire, have been realised in semiconductor nanowires. Nanowire devices such
as quantum dots and pn-junctions have been realised in Si/Ge, GaN/AlGaN,
InAs/InP nanowires etc. [12; 132–135]
(a)  (b) 
(c) 
(d) 
Figure 2.6: (a) An inverse Fourier transform image of the HRTEM image of
the multiple quantum well InAs/InP nanowire structure using the information
closest to the InP part of the split 200 reﬂection in the Fourier transform of the
HRTEM image; InP (bright) is located in three bands with approximately 25, 8
and 1.5 nm width, respectively; (b) Superimposed HRTEM and inverse Fourier
transform images, using an identical mask over the InP and InAs parts of the
200 reﬂection, respectively. InAs lattice spacings have been color-coded with
green and InP spacings with red, from [53]; (c) I–V measurements at 4.2 K for a
double-barrier wire with a 100 nm long InAs segment. One curve corresponds to
Coulomb blockade, and the other when the blockade has been lifted by changing
VG; (d) A grayscale plot of the diﬀerential conductance as a function of source–
drain and gate voltage of the same wire. Darker areas correspond to a high
diﬀerential conductance, whereas the white, rectangular-shaped areas correspond
to Coulomb blockade, from [54].
InAs nanowires have been grown with other group III or V material insertions.
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Nanowire axial heterostructures, with combination of InAs/InP [53; 136; 137],
InAs/InSb [102], InAs/GaAs [138] have been demonstrated. The material inter-
face between the segments is shown to be abrupt (see ﬁgure 2.6.a,b), however the
strain between segments is shown to stretch for 10–20 nm. Both single electron
transistors based on the Coulomb blockade and resonant tunneling diodes were
realised on the InAs/InP axial heterostructures (ﬁgure 2.6.c,d).
ZnO/ZnMgO axial heterostructures have been fabricated on the tip of nanowi-
res [139; 140], however no electronic devices have been realised on these structures
yet.
The heterostructures may be used not only as barriers for electrons (i.e. across
the heterostructure), but as well as the localisation of the carriers along the
heterostructure. High abruptness of the heterostructures, achieved by the MBE
growth, has allowed fabrication of two dimensional electron gases (2DEGs) on the
ZnO/ZnMgO heterointerface in thin ﬁlm geometry. The highest possible mobility
in oxide materials of 770,000 cm2/(Vs) at a temperature of 0.5 K [141; 142] and
fractional Hall eﬀect [143] have been realised on these structures. In order to
realise nanowire devices based on the heterostructures with localised charges along
the heterostructure, the compositional variation should be created not axially
along the wire, but radially. These nanowire heterostructures are called core-
shell heterostructures.
2.2.6 Core-shell nanowires
As opposed to the usual semiconductor devices which were ﬁrst created in a thin
ﬁlm geometry and then transferred to nanowire geometry, core shell structures
are only possible in nanowires (ﬁgure 2.7). The geometry of nanowires allows
fabrication of core-shell structures, which due to their axial symmetry may allow
much better control of the carriers and optical properties and result in both
photon and carrier conﬁnement. Various materials have been made into core-
shell nanowires, such as Si/Ge [144; 145], ZnO/ZnMgO [121; 146], InGaP/GaP
[55], InAs/InP [147; 148] and GaN/AlGaN [48]. For certain materials, the shell
was shown to passivate the surface of the wire, i.e. remove the surface levels
of the core nanowire, and therefore improve the conductivity along the wire in
38InAs/InP core-shell nanowires [147; 148] or improve the luminescent intensity
of the core in GaAs/GaP core-shell nanowires [149]. In addition, in the case of
ZnO/ZnMgO growth, ZnMgO growth on ZnO m- or a-planes results in less strain
and less dislocation formation than growth on ZnO c-plane. It happens because
the lattice mismatch between ZnO and ZnMgO a-lattice parameters is 3 times
smaller than the mismatch between c-lattice parameters [150].
(a)  (b) 
(c)  (d) 
  
Figure 2.7: (a) Core-shell nanowire HAADF STEM image; (b) cross-section
HAADF STEM image, from [146]; (c) HRTEM image of wurtzite ZnO/cubic
MgZnO interface; (d) compositional line scan across the nanowire probed by
STEM EDX spectroscopy, from [121].
In order to grow core-shell nanowires diﬀerent growth mechanisms should be
exploited for growing the core and shell, e.g. VLS growth for the axial core
growth, and VS growth for the radial shell growth [147]. Carrying out the core
and shell growths at diﬀerent temperatures causes diﬀerent growth mechanisms.
The shell is grown at either lower or higher temperature, depending on the system
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[147; 151].
ZnO/ZnMgO core-shell heterostructures were fabricated by MOVPE [146;
151–153], by lowering the shell growth temperature by approximately 300-400 C,
ﬁgure 2.7.a. Cao et al. [154] showed that during PLD growth, the growth tem-
peratures for the shell and core were kept the same; only the laser repetition rate
was reduced for the shell growth.
Additionally, core-shell heterostructure formation can be done via annealing
or via radial diﬀusion of dopants. For example, preparation of the Si/SiO2 core-
shell nanowires can be done via a simple anneal in oxygen atmosphere. As shown
in section 2.2.4, during ZnMgO nanowire MBE growth with Mg content higher
than 20 %, Mg segregates on the surface, creating a cubic Mg-rich MgZnO shell
around the wurtzite Zn-rich ZnMgO core [117; 122] (ﬁgure 2.7.c,d).
Due to high lattice mismatch between the core and shell, dislocations and
dislocation loops may form at the heterointerface in the ZnO/ZnMgO nanowires
with Mg content higher than 20 % [146; 155].
The change in the composition of the core-shell nanowire can be observed by
HRTEM and by high-angle annular dark ﬁeld (HAADF) TEM, by energy dis-
persive X-ray spectroscopy (EDX), or by atom probe tomography. The easiest
way to measure compositional contrast is to direct the electron beam perpen-
dicularly to the nanowire growth direction ﬁgure 2.7.a. This technique requires
minimal sample preparation, although it does not give the highest accuracy possi-
ble. TEM and EDX done on the nanowire cross-section give much more accurate
information, although this require laborious sample preparation (ﬁgure 2.7.b).
Core-shell nanowire optics
When growing core-shell nanowires with thin multiple shells of alternating
materials, it is possible to fabricate multiple quantum wells (MQWs) with cylin-
drical geometry. The quantum conﬁnement in these quantum wells will give rise
to new quantum levels for electrons and holes, which in turn will lead to new
luminescence lines due to electron-hole recombination.
The optical properties of the ZnO/ZnMgO MQW core-shell nanowires were
studied by low temperature photoluminescence (PL) and room temperature cath-
odoluminescence (CL) [139; 146; 156] (ﬁgure 2.8.a,c). While PL usually studies
40arrays of nanowires, CL may probe diﬀerent parts of a single nanowire to see the
spatially located luminescent centres, and discriminate between axial and radial
multiple quantum levels (ﬁgure 2.8.c). The luminescent peaks corresponding to
the quantum wells can be observed in the low temperature PL (ﬁgure 2.8.a).
The energy of a peak position can be derived from the solution of the cylindrical
Schrödinger equation for a given width and ZnMgO barrier height [139; 156] (Fig-
ure 2.8.b). Figure 2.8.d shows the emission energy below the ZnO band gap at
the tip of the nanowire. This is attributed to the quantum conﬁned Stark eﬀect
due to the high polarisation ﬁeld in the c-axis direction in ZnO [146].
The nanowire shell can be used to improve the lasing properties of the nano-
wires. Choi et al. demonstrated that a GaN core with diameter comparable to
the Bohr radius of the exciton for GaN (11 nm) and the higher band gap of the
AlGaN shell lead to an eﬀective carrier conﬁnement [6]. In addition, the AlGaN
sheet has a lower refractive index than the GaN core thus creating a waveguid-
ing structure with a simultaneous exciton and photon conﬁnement. When the
core is optically pumped, it acts as a gain medium while the shell functions as a
Fabry-Perot optical cavity. In 2008, the Lieber group reported an InGaN/GaN
MQW core-shell nanowire laser with lower threshold power pump density due
to the multiple quantum well structure [46]. The structure demonstrated lasing
from 365 to 495 nm depending on the InGaN quantum-well indium composition.
Core-shell nanowire electronics
It was shown that ZnMgO shell of ZnO/ZnMgO core-shell nanowire increases
the carrier mobility of the ZnO core by three times [157]. In Si/Ge and III-V core-
shell nanowires with the core diameter on the order of Bohr radius, the improved
charge conﬁnement may lead to the formation of a high mobility one-dimensional
electron or hole gas [144; 145; 147]. Li et al. have achieved an electron mobility
of 21,000 cm2/(Vs) at 5 K in GaN/AlN/AlGaN core-shell heterostructure nano-
wires [158], and Tilburg et al. have achieved comparable low temperature carrier
mobilities in InAs/InP core-shell nanowires [148].
For nanowires with diameters larger than Bohr radius, the core-shell het-
erostructure may lead to the formation of a cylindrical two-dimensional electron
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Figure 2.8: (a) PL spectra at 10 K of ZnO/Mg0:2Zn0:8O core/shell nanorod het-
erostructures and ZnO/Mg0:2Zn0:8O/ZnO/Mg0:2Zn0:8O multishell nanorod quan-
tum structures with diﬀerent ZnO QW shell widths of 45, 30, 15, 8 Å. (b) Well-
width dependent PL peak positions in ZnO/Mg0:2Zn0:8O coaxial quantum struc-
tures, solid circles, and theoretically calculated values, open circles, in one period
of one-dimensional square potential wells. In this calculation, Jang et al. em-
ployed the following parameters: 0.28 mo and 1.8 mo for the eﬀective masses of
electrons and holes, respectively, a ratio of conduction and valence band oﬀsets
Ec=Ev of 9, and a band gap oﬀset Eg of 250 meV, from [156]; (c-d) Spatially
resolved CL spectroscopy on a single nanowire from the MQW sample: Emissions
from ZnO near band edge (2), axial, which due to quantum conﬁned Stark eﬀect
has energy lower than band gap (1), and radial (3) quantum wells are visible,
from [146].
42gas. A cylindrical 2DEG may be detected in a parallel magnetic ﬁeld by conduc-
tivity oscillations: those with a period of magnetic ﬂux 0 = hc=e for ballistic
transport and those with a period of half the magnetic ﬂux for diﬀusive transport
in disordered materials [159]. Recently cylindrical 2DEGs has been observed in
GaAs/InAs [160] and in In2O3/InOx [161] core-shell nanowires.
ZnO-based heterostructure nanowires by MBE.
The MBE growth oﬀers many advantages over other techniques, such as CVD,
MOVPE or PLD, by allowing highly controllable fabrication of heterostructures
with abrupt interfaces, with a low density of defects and minimal disorder. Al-
though MBE growth has already led to the fabrication of 2DEGs at the inter-
face of ZnO/ZnMgO thin ﬁlm heterostructures [16; 162], the MBE growth of
ZnO/ZnMgO axial and core-shell nanowires have not been studied suﬃciently so
far. Highly abrupt interface and quantum conﬁnement in the core-shell nanowires
may potentially lead to the fabrication of cylindrical 2DEGs at the ZnO/ZnMgO
heterointerface and to better photon conﬁnement.
2.3 Nanowire ﬁeld-eﬀect transistors
One of the aims of nanowire research is to ﬁnd a substitute for planar transistors
on CMOS microchips. Nanowire ﬁeld eﬀect transistors (FETs) with back-gate
or top-gate electrodes have been examined for this role [163]. Moreover, the
nanowire transistor is a universal device to study many nanowire properties, such
as charge carrier type, charge carrier concentration and mobility, the conductivity
mechanism and contact properties.
Nanowire FETs have been fabricated in various gate geometries: back-gate
[49], top-gate [50], self-aligned air-gap gate [164] and surround gate [51; 165; 166].
The surround gate oﬀers the best electrostatic control over the charge carriers in
the nanowire. Usually the surround gate requires laborious sample fabrication.
Dhara et al. has however shown a “facile” technique for fabrication of surround
gate transistors on InAs nanowires [52].
The optimisation of the gate dielectric, metal contacts and surface passivation
of the nanowires resulted in room temperature mobilities of 11,500 cm2/(Vs) in
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InAs nanowires [147].
Although some materials have been realised into FETs with repeatable prop-
erties, full control is still lacking for a lot of nanowire devices. Blömers et al.
have shown that diﬀerent InAs nanowires may have completely diﬀerent tem-
perature dependences of the transport properties: semiconductor-type behaviour
with nonlinear IV characteristics or metal type behaviour [167], and these be-
haviours can be tuned by the gate voltage. They showed that the reason for the
diﬀerent temperature behaviour of both groups is diﬀering amounts of surface
electron accumulation owing to trapped surface charges. Moreover, these surface
charges may ﬂuctuate along the wire and thus may induce variation of the carrier
concentrations and local depletion regions. Due to the same reason, the barrier
heights can vary from wire to wire.
In addition, surface states may cause hysteresis in the transfer characteristics
(the gate voltage dependence of the drain source voltage) in the nanowire FETs.
It was shown that adsorption of H2O species on Ge nanowires causes hysteresis,
which can be eliminated by HfO dielectric deposition onto the Ge nanowires [168].
Passivation of ZnO nanowires by a thin polyimide layer or Al2O3 increases the
conductivity of the nanowire by reducing the density of surface states [169; 170].
ZnO nanowire FETs
In typical back-gate conﬁgurations in atmosphere, the ﬁeld eﬀect mobility of
ZnO NW-FETs ranges from 3 to 40 cm2/(Vs), with an on-oﬀ ratio of around
104 to 107 [166; 171–174]. ZnO nanowires have a large amount of surface defects,
mainly oxygen vacancies, that will adsorb gas species and act as scattering and
trapping centres and aﬀect nanowire transport properties [11]. Hong et al. fab-
ricated two kinds of ZnO nanowires on Au-coated substrates and catalyst-free
substrates and showed that catalyst-free ZnO nanowires have reduced surface de-
fect density and thus better performance [173]. Kim et al. have shown a novel
method of growing horizontal ZnO nanowires catalyst-free directly on patterned
graphene sheets, which act as both seed and source-drain electrode [100].
The best performance non-passivated ZnO nanowire-FETs have been demon-
strated by Cha et al. with self-aligned planar gate electrodes and a well deﬁned
nanosize air gap dielectric [164] (ﬁgure 2.9). These ZnO nanowire-FETs exhibits
44excellent performance with an on–oﬀ ratio of 106 and a ﬁeld eﬀect mobility of
almost 1000 cm2/(Vs) which is the highest value for ZnO NW-FETs without any
speciﬁc treatment like passivation. Additionally, Chang et al. have achieved the
carrier mobility exceeding 4000 cm2/(Vs) by passivating ZnO nanowire surface
with SiO2/Si3N4 bilayer [175].
The quality of the Ohmic drain-source contacts is very important for any
FET performance. Ohmic contacts to ZnO nanowires are obtained by electron-
beam evaporation of Ti/Au [40; 176], thermal evaporation of Al/Au [171], or
sputtering of Nb [164]. Chang et al. reported that dipping ZnO into HF before
contact metallisation reduces the contact resistance [170]. Post processing of the
devices by plasma treatment or annealing reduces the contact resistance as well
[170; 177]. Detailed reviews on Ohmic contacts to ZnO can be found in [20; 178].
Figure 2.9: ZnO nanowire ﬁeld eﬀect transistor with self-aligned nanogap gate
electrodes, scale bar is 2.5 mm, from [164]
.
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2.4 Electrically active defects
2.4.1 Defects in semiconductors
One of the reasons why semiconductors have become the principal materials in the
electronics market is the unique ability to drastically change their properties with
just a small fraction of the foreign material impurities. Fabrication of n- and p-
type conductivity materials, manipulation of the charge carrier concentration and
mobility, control over light emission and absorption, – all this is possible with the
help of foreign impurities. The properties of the semiconductor can be aﬀected not
only by foreign material atoms, but also by the intrinsic crystallographic defects,
such as 0D defects (vacancies and interstitials), 1D defects (dislocations) and 2D
defects (stacking faults and twin- and grain-boundaries). Although usually these
crystal defects are undesirable since they become non-radiative recombination
centres or charge trapping centres [179], some attempts have been made to use
these defects, e. g. dislocations, as luminescent centres for silicon photonics [180]
or high mobility channels [181].
Historically, electrically active defects in semiconductors are divided into shal-
low defects (having their energy level close to the conduction band minimum or
valence band maximum, Ec Edefect;Edefect Ev / kTB), and deep levels (situated
deeply in the band gap, Ec   Edefect;Edefect   Ev  kTB). The shallow levels are
usually directly responsible for the conductivity and carrier concentration, and
their properties may be studied by the IV-characteristics, FET measurements,
photoluminescence. Deep levels usually aﬀect the transport properties indirectly
by trapping and scattering the charge carriers, hence reducing the lifetime of the
free carriers, reducing radiative band-to-band recombination and changing the
energy levels of luminescence. In silicon, gold, silver and nickel act as deep levels,
trapping charge carriers and reducing the overall mobility of the device. Thus
it is undesirable to have gold in any of the fabrication steps of a silicon based
device. Crystallographic defects and surface states may act as deep levels as well.
ZnO exhibits plenty of native and foreign defects, all of which aﬀect the elec-
tronic properties of ZnO. First of all, ZnO acts as an n-type semiconductor with-
out any intentional foreign material doping. The origin of the n-type conductivity
46was studied for a long time, with many diﬀerent assumptions suggested, such as
oxygen vacancies or Zn interstitials. Although it was shown that oxygen vacan-
cies are deep donors and cannot explain the observed n-type conductivity in ZnO,
they can compensate the p-type doping [182]. Zn interstitials are shallow donors,
although they have high formation energies and high diﬀusion probability.
Hydrogen is the main candidate for an “intrinsic” n-type doping of ZnO [183].
As opposed to all other semiconductors, where H is an amphoteric impurity,
always counteracting the prevailing conductivity of the material, in ZnO H occurs
exclusively in the positive charge state, i.e. it always acts as a donor [183].
Look et al. [184] have argued that not hydrogen, but complex consisting of
zinc-interstitial and substitution of oxygen for nitrogen (Zni-NO) may act as main
n-type dopant in ZnO.
ZnO may be doped by many other materials, such as Al, Ga and In up to
degenerate conditions [182]. Lithium is present in the zinc ore, and may dope
ZnO with holes. The list of shallow donors and acceptors in ZnO are shown in
table 2.1.
Table 2.1: Shallow defects in ZnO. Adapted from [182].
Impurity Character Ionization energy, meV nmax or pmax, cm 3
Al Donor 120 8  1016
Ga Donor – 3:7  1020
In Donor –
F Donor 80 5  1020
H Donor 35 –
Li Acceptor –
Cu Acceptor –
N Acceptor 100 9  1016
Recently deep levels in ZnO thin ﬁlms have been studied by deep level tran-
sient spectroscopy, with a variety of deep level defects observed [185–188]. Many
of these defects still have debatable origin, although correlation between anneal-
ing in diﬀerent atmospheres (O, Zn, N, Ar), ion implantation and deep level
concentrations has given strong evidence for the source of deep levels. The pa-
rameters of the main deep levels in ZnO and their tentative origins are given in
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table 2.2.
Table 2.2: Deep level defects in ZnO.
Impurity Energy Origin
T1 30 meV tentatively assigned to interstitial zinc [186]
E1 111 meV related to the oxygen vacancy [186]
E2 190 meV donor, promoted by O-rich conditions[185]
E3 ˜ 300 meV evidence for their native origin [186]
oxygen vacancy [187]
evidence of hydrogen involvement [188]
E5b 850-1000 meV observed in oxygen-implanted
and thermally annealed ZnO thin ﬁlms [185]
2.4.2 Defects in nanowires
Nanowires, as for any semiconductor, have a variety of electrically active defects.
However, due to their unique geometry and growth, they acquire a diﬀerent range
of defects and experience a variety of surface eﬀects. For example, InAs and GaAs
nanowires grow with mixed wurtzite-zincblende stacking, which is not possible in
the bulk crystal conﬁguration. These stacking faults, twin boundaries and phase
boundaries have been shown to aﬀect the electrical conductivity of InAs nanowires
by becoming the scattering centres for carriers [82; 189]. Furthermore, the large
surface area aﬀects the luminescent and electrical properties by trapping free
carriers [147; 149; 168]. For example, oxygen molecule adsorbed on the nanowire
surface attracts an electron and forms negatively charge surface level O
 
2 . This
decreases the conductivity of the nanowire by reducing the number of conducting
electrons [190].
The eﬀects of deep levels on nanowire transport properties have not been
studied in much detail yet, mainly due to the very small dimensions of the nano-
wires. The common electrical methods of investigating deep levels are usually
based on the measurement of small changes in the current or capacitance of the
semiconductor sample. These methods include thermostimulated capacitance,
thermostimulated current, electron paramagnetic resonance, low frequency noise
48spectroscopy and deep level transient spectroscopy [18] (DLTS) and its deriva-
tives (e.g. photoinduced current spectroscopy – PICTS, current transient spec-
troscopy and others). The values of the nanowire capacitance are usually be-
low 1 pF, and they cannot be measured by conventional capacitance methods
nor by capacitance-DLTS. Therefore, only a few papers have been published on
nanowire deep levels recently. DLTS in combination with PICTS was used to
study catalyst-related electrical defects in an array of Si nanowires [90]. DLTS
was also used to study single GaN nanowire pn-junction [9], and low frequency
noise spectroscopy was applied by Motayed et al. to study the metal catalyst
eﬀect on individual Si nanowires [191; 192].
A diﬀerent approach to study deep levels in miniature devices (such as mod-
ern ﬁeld-eﬀect transistors) has been realised by current-mode DLTS (I-DLTS)
as opposed to capacitance-mode DLTS [193]. Here the relaxation of the current
through the channel is measured in response to a gate voltage pulse. This method
usually gives information not only about the majority carrier traps, but also sur-
face carrier traps [193]. I-DLTS can be carried out directly on a device in the
transistor geometry, and doesn’t need separate fabrication steps. As nanowire
ﬁeld eﬀect transistors are thought to become constituents of future electronic
devices, I-DLTS is a promising technique to study them.
In conclusion, there are many challenges that the nanowire technology is facing
nowadays. In this work, we are addressing only a small part of them.
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50Chapter 3
Experimental methods and theory
3.1 Substrate preparation
Degenerately p-type doped Si (111), Si(110) and Si(100) 2 and 3 inch wafers
500 mm thick and Al2O3(0001) 2 inch wafers and 1010mm cut-out wafers 300 mm
thick were used as growth substrates. Before processing wafers were cleaned in
acetone, 2-propanol and DI water.
3.1.1 Gold-catalyst formation
The size and distribution of gold catalyst particles is important for nanowire
growth. The size of the particles determines the diameter of the nanowires. The
distribution may determine the number of atoms that diﬀuses on the surface from
the point of impingement to the nanowire growth site and hence the growth rate.
3.1.1.1 Gold thin ﬁlm deposition and annealing
One of the methods to introduce an array of gold particles on the substrate is to
evaporate thin layer of gold and anneal it.
The evaporation of gold (99.999%) was carried out in the Edwards Auto 306
thermal evaporator. The deposition rate used was approximately 0.02 nm/sec.
The thickness of the layer as measured by standard quartz crystal thickness mon-
itor was 2.5  0.2 nm. The substrate with a gold ﬁlm is transferred into MBE
ultra-high vacuum chamber and annealed using temperatures of 500 – 900 C.
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The gold particle distribution after annealing on diﬀerent substrates is dis-
cussed in the experimental chapter 5.1.
3.1.1.2 Electron Beam Lithography
Another method of gold-particle formation is top-down patterning using electron
beam lithography (EBL). This method provides regularly shaped and positioned
gold dots. The EBL was performed using the Carl Zeiss SUPRA 40 VP ﬁeld-
emission gun scanning electron microscope with Raith 150two EBL-system.
The procedure is as follows (ﬁgure 3.1): ﬁrst, the 100 nm layer of polymethyl
methacrylate (PMMA) resist was spin-coated on the substrate. Then the sub-
strate with PMMA layer is exposed to the 10 kV electron beam in spot-mode
according to a predesigned pattern in the EBL chamber (ﬁgure 3.1.a). Electron
dose ranges from 0.01 to 0.05 pC for diﬀerent spot sizes. The diameter of the
exposed spots is dependent on the dose and it ranges from 30 to 100 nm. The ex-
posure of the PMMA to high energy electrons breaks bonds in the polymer, which
is then easily dissolved in the methyl isobutyl ketone : isopropanol (MIBK:IPA
3:1) solution (ﬁgure 3.1.b). The developed structure is then coated with a 20 nm
gold ﬁlm (ﬁgure 3.1.c) and put into acetone overnight to remove the remaining
PMMA. This process removes the PMMA together with gold layer, leaving only
the gold on Si intact (the so-called “Lift-oﬀ process”, ﬁgure 3.1.d).
3.1.1.3 Colloidal gold
Colloidal gold particles of diameter 50 nm were deposited on the substrate at a
temperature of 120 C and cleaned in acetone, 2-propanol and DI water to remove
residual impurities from the solution (0.01% HAuCl4 and others).
3.2 Molecular Beam Epitaxy (MBE)
3.2.1 MBE principles
Molecular Beam Epitaxy is one of the most popular vacuum deposition techniques
used to create single crystals. A schematic of a typical MBE system is shown in
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(a)  (b) 
(c)  (d) 
e-beam  after 
development 
metal evaporation  after lift-off 
substrate 
resist 
Figure 3.1: Schematic electron beam lithography process. (a) a layer of organic
resist is spun on a substrate and a predesigned pattern is irradiated with a beam
of electrons. (b) After development, an opening is left in the resist. (c) Metal
is evaporated on the top of the substrate and the remaining resist. (d) The
remaining resist is removed during the lift-oﬀ process and the metal is left at the
predesigned positions
ﬁgure 3.2. MBE exploits ultra-high vacuum (UHV) and uses extremely pure
materials (higher than 5N). The base pressure in the systems used in this work
(10 11 Torr) is achieved by the use of turbo pump, ion pump and cryo-pump
simultaneously, within a liquid nitrogen cooling shield. The formation of the
thin ﬁlm crystal occurs on the heated substrate by the interaction of one or
several atomic or molecular beams. In UHV conditions the mean free path of
the particles is greater than the dimensions of the chamber (for example, in a
vacuum of 10 7 Torr, the mean free path of N2 molecules is 1 km), so particles
of diﬀerent species don’t interact unless they are on the substrate.
The plasma assisted MBE (PA-MBE) uses a radio frequency plasma generator
to introduce free radicals (in the case of this work, oxygen) into the chamber. The
plasma ignition and its stable operation are known to be diﬃcult tasks at low
pressures, so the pressures in PA-MBE are usually higher than in conventional
solid source MBE. However, pressures over 10 4 Torr cannot be used in MBE
growth because the mean free path is reduced to 1 meter or less, i.e. less than
the chamber dimensions. The working pressures in the PA-MBE growth used in
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Figure 3.2: Typical MBE schematic.
this work ranged from 10 6 to 10 5 Torr.
3.2.2 II-VI oxide MBE
The oxide MBE used in this work is an SVT Associates machine (ﬁgure 3.3). It is
a PA-MBE system with Zn (6N) and Mg (5.5N) eﬀusion cells, and oxygen (5.5N)
RF plasma source. The background pressure is approximately 510 11 Torr.
3.2.2.1 Plasma source
The oxygen plasma is formed using a standard capacitively coupled plasma source
(SVT Associates) which operates at 13.56 MHz. RF energy of between 100 W
and 600 W is supplied to the cell through a water cooled copper coil. Oxygen
is introduced into the tube with a leak valve. The ﬂow of oxygen may be varied
from 0.1 to 10 sccm. The standard settings used in this work were 2 sccm ﬂux
and 300 W power.
A residual gas analyzer, quadrupole mass spectrometer (SRS200), was used
to monitor the gases in the MBE chamber (see ﬁgure 3.4) After stabilising the
plasma source for 15 minutes the pressure of H2, N2, CO2, NO and Ar gases is
reduced. The pressures of H atoms, water vapour, carbon dioxide are still quite
high. However the pressure of all of them is more than 3 orders of magnitude less
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A) 
B) 
Figure 3.3: SVTa oxide MBE: (a) photo, (b) schematic, looking from the side
(SVT Associates manual).
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than that of oxygen molecules and oxygen atoms, which remain the main source
for the oxide growth.
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Figure 3.4: RGA spectrum of the gases in the chamber at diﬀerent times after
the switching on of the oxygen plasma source. The O and O2 signals at 16 and 32
atomic weights are beyond the limits of the plot and are higher than 10 6 Torr.
3.2.2.2 Cells
The Zn and Mg ﬂuxes in the chamber are controlled by the temperature of the
Zn and Mg cells. The ﬂuxes can be quantiﬁed by a vacuum gauge that is inserted
in the chamber under the sample. The measured pressure is called the Beam
Equivalent Pressure (BEP). The dependence of BEP on the temperature of the
Zn cell is presented in ﬁgure 3.5. The rotation of the sample holder makes some
vapour species accumulate close to the perimeter of the substrate making the
BEP slightly diﬀerent at these positions.
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Figure 3.5: Dependence of Zn beam equivalent pressure (BEP) on the Zn cell
temperature.
3.2.2.3 Substrate heating
The sample holder is heated by a radiative spiral heater. A thermocouple situ-
ated above the heater is used to measure the temperature of the substrate. The
amplitude of the temperature ﬂuctuations during the growth is about 5 degrees
(measured by pyrometer). A circular semiconductor substrate is attached to a
metallic substrate holder at its perimeter. At the points of contact the tempera-
ture is diﬀerent from the middle of the substrate. The varying temperature and
pressure at the perimeter of the substrate make the growth conditions diﬀerent
from those in the middle in the region within about 2 mm from the substrate
holder.
3.2.2.4 Reﬂection high-energy electron diﬀraction
Reﬂection high-energy electron diﬀraction (RHEED) is an in-situ technique for
monitoring ﬁlm growth. A focused electron beam of energy 15 kV is incident on
the sample at 3 degrees grazing incidence and diﬀracts from it onto a ﬂuorescent
screen.
The crystallographic orientation of the sample, the reconstruction of the sur-
face and the crystal structure of the grown crystal may be obtained by looking
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A)  B) 
D)  C) 
Figure 3.6: RHEED patterns observed during various ZnO growths in the oxide
MBE: (a) 2-dimensional layer-by-layer growth; (b) transition to 3-dimensional
island growth; (c) oriented nanowire/cluster growth; (d) disoriented or polycrys-
talline growth.
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at the RHEED reﬂections (ﬁgure 3.6). Figure 3.6.a shows the RHEED pattern
of 2-dimensional layer-by-layer growth. Figure 3.6.b shows the transition of the
2-dimensional growth into 3-dimensional island growth. Figure 3.6.c shows ori-
ented cluster growth, which is also applicable to nanowires. Figure 3.6.d shows
not oriented or polycrystalline crystal growth. When growing thin 2-dimensional
ﬁlms, RHEED oscillations may be used to monitor the layer-by-layer growth and
obtain the growth rates.
3.2.3 III-V MBE
For growth of InAs-based materials, to avoid III-V and II-VI material cross-
contamination, a diﬀerent machine was used: VEECO instrument equipped with
solid source for In and Cracker cells for As4 and P2 (ﬁgure 3.7). The III-V growth
was carried out by Dr Marina Panﬁlova and Professor Huiyun Liu.
Figure 3.7: Veeco III-V MBE
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3.3 Growth models
3.3.1 Thin ﬁlm growth. Simpliﬁed model
Several surface phenomena are responsible for thin ﬁlm growth: the incoming
ﬂux j, the adsorption on the surface (sticking) with rate ra, the diﬀusion of the
atoms on the surface and the desorption of atoms from the surface with rate rd.
The rate of growth, Rgrowth, is the number of atoms ntf that have stuck on the
surface per unit time:
Rgrowth =
dntf
dt
= ranfree; (3.1)
where nfree is the number of particles diﬀusing on the surface. The rate of change
of the number of free atoms will depend on the incoming ﬂux and the adsorption
and desorption of free atoms:
dnfree
dt
=  ranfree   rdnfree + j: (3.2)
If we consider dynamic equilibrium in the system, the number of free atoms
on the surface should be constant:
dnfree
dt
= 0
j = ranfree + rdnfree
Rgrowth =
raj
ra + rd
=
j
1 + rd=ra
(3.3)
The rate of adsorption and desorption are represented in the following form:
rd;a = d;aexp

 
Ed;a
kBT

; (3.4)
where Ed,a are the activation energies of the processes and d;a are the frequency
factors [194]. Taking formulas 3.3 and 3.4 we get:
Rgrowth =
j
1 +
d
a  exp

 
Ed   Ea
kBT
: (3.5)
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This formula can be used to obtain the growth parameters such as the ratio of
desorption and absorption factors, d=a , and the diﬀerence between desorption
and adsorption activation energies Ed   Ea.
3.3.2 VLS nanowire growth. Simpliﬁed model
The theory behind the VLS nanowire growth has been reported in many arti-
cles with varying simpliﬁcations [68]. Here, a very simple model of the nanowire
growth will be derived. This model will be applied to our experiments in order to
calculate the growth characteristics of the nanowires from the measured experi-
mental values. The most controlled experiment on VLS growth would be the one
carried out on the EBL-patterned gold particles. From the nanowire growth on
substrates with EBL-patterned gold particles the following dependencies could be
inferred: the dependencies of the nanowire length, diameter and growth “quality”
(which will be deﬁned later) on the distance between the gold droplets.
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Figure 3.8: (a) Illustration of the model of the nanowire growth, yellow circles are
the gold dots, S is the distance between gold dots, RAu the radius of the gold dot,
and s and ds the coordinate used for integration in equation 3.6; (b) calculated
dependence of the length of the wire l at time t0 reduced to the atomic volume
 and incoming ﬂux j on the distance between the wires normalised to the gold
dot radius, at diﬀerent diﬀusion lengths.
Atoms arrive at the surface with a ﬂux j. The radii of the Au dots are RAu
with area R2
Au, and the distance between the Au dots is S (ﬁgure 3.8.a). The
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amount of particles arriving on the small surface dS per second is dN = j  dS.
Incoming atoms may arrive onto the area between the gold dots, or they may
arrive directly on the dots. Assuming the sticking coeﬃcient of the Au dot is
equal to 1 [68], all the atoms arriving directly on the Au dot surface contribute
to the growth of the nanowire. If the volume that each atom occupies is , than
the increment of the length of the nanowire per second dl
dt will be
dl
dt
=
  dN
  R2
Au
dl
dtAu
=   j;
(3.6)
where dl=dtAu is the contribution of the atoms arriving directly on the Au dot.
The atoms that arrive on the Si substrate diﬀuse towards the gold dot over the
substrate and the nanowire sidewalls. We assume that the sticking coeﬃcient to
the substrate and to the nanowire sidewalls is 0 (considering the growth temper-
ature is very high). The diﬀusion lengths of the atoms on the Si surface and on
the ZnO nanowire sidewalls are Ld,Si and Ld,ZnO respectively. The change in the
length of the nanowire per second from the atoms arriving on the rim-shaped
area in between distances s and s + ds (ﬁgure 3.8.a) from the droplet is
d

dl
dtSi

=
j
R2
Au
exp

 
s
Ld,Si

exp

 
l
Ld,ZnO

2sds (3.7)
If we consider equations 3.6 and 3.7 and integrate them over the distance from
0 to S=2 we get:
dl
dt
=
dl
dtSi
+
dl
dtAu
= j +
2j
R2
Au
exp

 
l
Ld,ZnO
 S=2 Z
RAu
exp

 
s
Ld,Si

2sds (3.8)

dl
dt
  j

exp

l(t)
Ld,ZnO

=
2j
R2
Au
Ld,Si

exp

 
RAu
Ld,Si

(Ld,Si + RAu)  
  exp

 
S
2Ld,Si

(Ld,Si + S=2)

:
(3.9)
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Consider simpler case where diﬀusion on the ZnO sidewalls is much larger
than the length of the wire Ld,ZnO  l. Then equation 3.9 becomes easy to solve.
The time dependence of the nanowire length becomes linear:
l(T) =

j +
2j
R2
Au
Ld,Si

exp

 
RAu
Ld,Si

(Ld,Si + RAu)  
  exp

 
S
2Ld,Si

(Ld,Si + S=2)

t:
(3.10)
Figure 3.8.b shows the dependence of the length of the wire at some time t0,
normalised by the atomic volume and incoming ﬂux l(t0)=(j), on the distance
between gold dots in arbitrary units of the gold droplet radius S=RAu for two
diﬀerent diﬀusion lengths (Ld,Si = 1;2. It illustrates that the length of the nano-
wires ﬁrst increases with S and then saturates. The growth rate of the function
depends on the diﬀusion coeﬃcient; the saturation value depends on the diﬀu-
sion coeﬃcient and radius of the nanowire. If the radius of the Au dots is much
smaller than the distance between them, then the expression becomes:
l(T) =
2jL2
d,Si
R2
Au

1  

S
2Ld,Si
+ 1

exp

 
S
Ld,Si

t: (3.11)
Using the dependence of the length of the wires on the distance between them
we can estimate the diﬀusion length. If we take the diﬀusion length of atoms and
divide it by the velocity of the atoms at this substrate temperature we will get
the lifetime t of atoms on the Si surface at this temperature (and the desorption
rate rdesorption):
Ld,Si= = t = 1=rdesorption: (3.12)
3.3.3 Ternary compound growth
In order to investigate ternary compounds, several diﬀerent approaches can be
taken. In the alloy A1 xBxC, if the compounds AC and BC have the same spatial
symmetries (or lattice structures), than Vegard’s law (see below) can be used to
study these materials [195]. If the compounds AC and BC have diﬀerent lattice
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structures, then no simple relationships can be inferred theoretically. Here the
analysis of the extensive literature data on speciﬁc ternary compound can be
taken as a reference for the new investigation. The former case is valid for InAsP
material, whereas the latter case can be applied for ZnMgO material.
In the ternary compound analysis we study the dependencies of incorporation
rates on the ratios between the material ﬂuxes impinging onto the substrate. The
material ﬂux is proportional to
JP,Mg / PBEP= 
p
T=M; (3.13)
where PBEP is the beam equivalent pressure, T the source temperature, M the
molecular mass,  the ionization coeﬃcient relative to that of N2. It is given by
 = [(0:4Z=14) + 0:6], where Z is the atomic number [196; 197].
3.3.3.1 InAsP
The crystal structure of two alloyed materials (e.g. InAs and InP) was inves-
tigated by Vegard [195]. According to Vegard’s Law there is a linear relation
between the crystal lattice parameter of an alloy and the concentrations of the
constituent elements. Here, the constituent elements are InAs and InP, and the
alloy is InAs1 xPx. Vegard’s law states that the phosphorus content x is given
by:
x =
aInAs   aInAs1 xPx
aInAs   aInP
; (3.14)
where a is the lattice constant.
The alloying mechanism of ternary compounds with the example of InAs1 xPx
was investigated by Samuelson et al. [123] and used in the work by Persson
et al. [128]. According to their model, the relationship between the chemical
composition of grown nanowires and gas constituents in the chamber is as follows:
x =
NP
NAs + NP
=
JP
JAs + JP
; (3.15)
where x is the percentage of P in the InAs1 xPx nanowires; NAs and NP are
the fractions of As and P in the nanowires; JAs and JP are the beam equivalent
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pressures of As and P during the growth; and  and  are the incorporation
rate coeﬃcients of As and P, respectively. Experimentally the value measured
during the MBE growth of crystals is the content of the phosphorus species in
the vapour phase, or the phosphorus normalised ﬂux: Jnorm(P) = JP=(JP +JAs).
The relation between phosphorus content in nanowires and phosphorus content
in vapours thus may be expressed by:
x =




 
J
 1
norm(P)   1

+ 1
 1
: (3.16)
If we equate x from Vegard’s law (equation 3.14) and from the simple incor-
poration rate model (equation 3.16) we obtain
aInAs1 xPx = aInAs   (aInAs   aInP) 




 
J
 1
norm(P)   1

+ 1
 1
: (3.17)
Fitting to the dependence of the lattice constant of ternary compound on
the fractional ﬂux, the ratio of the incorporation rate coeﬃcients = can be
obtained.
3.3.3.2 ZnMgO
The relationship between the Mg content in the vapour phase Jnorm(Mg), the
Mg content x in Zn1 xMgxO nanowires and the Mg and Zn incorporation rate
coeﬃcients ratio is similar to equation 3.16:
x =




 
J
 1
norm(Mg)   1

+ 1
 1
: (3.18)
Measurement of the Mg incorporation into Zn1 xMgxO nanowires is more
complicated than in the case of phosphorus incorporation into InAs1 xPx. Be-
cause of the diﬀerent crystal structures of MgO and ZnO (cubic rock-salt and
hexagonal wurtzite respectively), Vegard’s law is not applicable to these materials.
One way to obtain the relationship between the lattice parameter (and band gap)
of Zn1 xMgxO and the Mg content x is by comparison with the literature data on
Mg doped ZnO growth. Figures 3.9.a,b (black squares) show the lattice parame-
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Figure 3.9: Dependences of ZnMgO lattice parameter (a) and ZnMgO band-edge
PL peak position on Mg content (b) taken from literature and best linear ﬁts.
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ter and low temperature PL peak position dependence on the Mg content in solid
ﬁlms taken from diﬀerent literature sources [115; 116; 118; 119; 150; 198; 199].
The Mg content in these papers was measured by various direct techniques such as
Rutherford backscattering, ion channelling etc. At Mg content lower than 30 %,
ZnMgO maintains the wurtzite structure without rock-salt phase inclusions [118].
Data gained from many articles shows good mutual correspondence. Therefore
the ﬁts to this data may be used as relationships between the Mg content xMg and
the lattice parameter cZn1 xMgxO and the PL peak position EZn1 xMgxO. These
ﬁts are shown as red lines in ﬁgures 3.9.a and 3.9.b and may with good accuracy
be assumed to be linear:
EZn1 xMgxO(eV) = 3:376 + 1:554  xMg
cZn1 xMgxO(Å) = 5:205   0:12  xMg:
(3.19)
It should be noted, that recently Kozuka et al. have measured the Mg content
in Zn1 xMgxO ﬁlms grown on ZnO substrates using Rutherford Back Scattering,
Secondary Ion Mass Spectroscopy and XRD, and correlated it to the PL and
XRD in the range of x = 0.004–0.4 [200]. They have found the following values
for the Mg-content dependence of the lattice parameter and PL peak position:
c(Å) =  0:069x and E(eV) = 2:2x, which are diﬀerent from those shown
in equation 3.19. This diﬀerence may be related to the substrate, since most of
the data shown in ﬁgure 3.9 are for ZnO ﬁlms grown on Al2O3 substrate, whereas
Kozuka et al. have grown their ﬁlms on ZnO substrates. In the present work we
have grown nanowires on silicon and sapphire. For Mg content determination,
we will use equations 3.19.
3.4 Structural characterisation techniques
3.4.1 Electron Microscopy
3.4.1.1 Scanning electron microscopy (SEM)
Scanning electron micrographs were obtained on two ﬁeld-eﬀect emission gun
scanning electron microscopes (FEG-SEM): Leo 1540 XB cross beam and Supra
40VP Raith 150 EBL system. The microscopes are equipped with secondary
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electron-, back-scattered electron- and In-Lens detectors.
3.4.1.2 High Resolution Transmission Electron Microscopy (HRTEM)
High resolution transmission electron microscopy allows imaging the atomic planes:
the resolution of the microscope used in this work reaches 0.12 nm. Due to the
usually higher energies of TEM than of SEM, and the smaller interaction vol-
ume between the electron beam and the material, the resolution of TEM is much
better than that of SEM. The electron diﬀraction pattern of a crystal is used
to position the specimen planes parallel to the incident electron beam to allow
imaging of atomic columns.
The sample preparation procedure is as follows: ﬁrst, as-grown samples were
ultrasonicated for several minutes in the 2-propanol solution. This suspended the
nanowires in the solution. Second, a droplet of nanowire solution was deposited
onto a TEM-grid heated to 90 C. The grid is a 3mm diameter carbon ﬁlm
supported by a copper grid. After the evaporation of 2-propanol, nanowires were
found to stay on the TEM-grid (ﬁgure 3.10).
Figure 3.10: TEM copper supported carbon ﬁlm with nanowires on top. Scale
bar is 10 mm.
The high resolution transmission electron microscopes (HRTEM) used in this
work are listed in table 3.1.
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Table 3.1: Transmission electron microscopes and EDX systems used in current
work, and samples investigated by these microscopes.
TEM and EDX Operating University,
voltage operated by
Jeol JEM 2011 200 kV University of St. Andrews,
Miss Heather Greer
Prof Wuzong Zhou
InAs, InAsP and InAsSb nanowires
Jeol JEM-4000EX 400kV University of Oxford,
Dr John Hutchison
ZnO nanowires; InAs, InAsP nanowires and clusters
FEI Titan 80/300 300kV Imperial College London,
Oxford INCA 30 mm2 LN2 Dr Vasiliki Tileli
InAs, InAsP, ZnO and ZnMgO nanowires
Jeol JEM 2100 200 kV University College London,
Oxford INCA 80 mm2 X-MaxN myself
InAsSb, ZnO nanowires; ZnO/ZnMgO core-shell nanowires
3.4.1.3 Energy Dispersive X-ray Spectroscopy (EDX)
Energy dispersive X-ray spectroscopy exploits the fact that an incident electron
beam excites the electrons in the inner atomic shell, ejecting them from the shell
while creating a hole where the electron was. An electron from the higher-energy
shell then ﬁlls the hole, and the energy diﬀerence between the higher-energy shell
and the lower-energy shell may be released in the form of X-ray. After measuring
all the photons one can calculate the elemental composition of a sample.
EDX spectra were collected in various scanning and transmission electron mi-
croscopes with various detectors. EDX measurements on the array of nanowires
were performed in Leo 1540XB FEG-SEM with EDX detector. EDX measure-
ments on isolated nanowires were performed in transmission electron microscopes
(table 3.1). Quantitative analysis of the EDX spectra was performed using a
mixed standard and standard-less quantiﬁcation algorithm. The cation concen-
trations were automatically calculated based on Kramer’s law [201].
The modeling of the elemental mapping data of core-shell nanowires is shown
in ﬁgure 3.11. First, the coordinate dependence of the EDX intensity Ii(x) (i =
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Zn, Mg, O) is calculated from the simple geometrical representation. Then this
intensity was convoluted with the gaussian broadening of the EDX signal , which
is comprised of the electron beam proﬁle and the possible atomic interdiﬀusion.
This leads to the coordinate dependence of the EDX signal EDXi(x).
IZn(x) =
( p
R2   x2; x < R
0 x > R
IMg(x) =
8
> <
> :
p
(R + R)2   x2  
p
R2   x2; x < R
p
(R + R)2   x2; R < x < R + R
0 x > R + R
IO(x) =
( p
(R + R)2   x2; x < R + R
0 x > R + R
EDXi(x) =
1 Z
 1
Ii(y)

p
2
exp

 
(x   y)2
22

dy;where i = O, Mg, Zn:
(3.20)
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Figure 3.11: (a) Model of an EDX signal from a ZnO/MgO core-shell nanowire;
(b) normalised signal from Mg, Zn and O, modelled according to equation 3.20
with  = 7 nm, R = 5 nm, R = 18 nm.
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3.4.2 X-ray Diﬀraction
X-ray diﬀraction provides information on the crystal structure of the material. It
will be used in this work to measure incorporation of the foreign materials into
the host lattice. X-ray diﬀraction allows measurement of the lattice parameter of
the sample based on Bragg’s law
2asin = n; (3.21)
where a is the lattice spacing,  the reﬂection angle,  the X-ray wavelength, and
n the diﬀraction order.
Figure 3.12 schematically represents an X-ray system. The incident X-ray
beam arrives at the sample at angle ! and is diﬀracted at angle 2. For a
perfectly aligned sample ! = , but usually due to non-idealities of the substrate
or a holder alignment is necessary. One or two of the angles are scanned, and
the detector collects the X-ray beam diﬀracted from the sample, thus forming
the diﬀractogram. The types of diﬀractograms that are used in this work are
!   2 scans and ! scans (or “rocking curves”). The former are used to study
the diﬀerent crystal planes parallel to the surface of a sample and the spacings
between them, the latter give information about the crystal quality of a sample,
concentration of dislocations, orientation of a thin ﬁlm etc.
X-ray 
detector 
X-ray 
source 
Sample 
2q  q = w 
Figure 3.12: The schematic of the XRD machine.
High resolution XRD measurements were carried out on Jordan Valley Bede
713. EXPERIMENTAL METHODS AND THEORY
D1 and on Riagku SmartLab machines, both with four bounce monochromator
(with two channel cut Si crystals). Cu-K ( = 1.54056 Å) radiation was used in
these experiments.
The main parameters aﬀecting the peak positions and how accurately they
can be determined are: the primary X-ray beam parameters, sample alignment,
accuracy of the angular movements and detector resolution. The energy of the
beam is known with very high precision. The resolution (E=E) of the beam is
1/4000 [202]. The divergence of a beam is 0.003. In order to eliminate the error
related to the misalignment of a sample, ﬁrst the sample is tilted and rotated
around the most intense peak (usually the Si(111) or Si(220) peak) to ﬁnd the
position where the highest intensity of the reference peak is detected. After ﬁnd-
ing this position the sample is expected to be aligned. These misalignment errors
arise due to a slight shift of the sample on the holder, or miscut, or bending of
the sample. After this alignment procedure, for identical samples ! may vary,
but 2 should be the same due to the geometry of the machine. In order to calcu-
late the error of the equipment alignment, ten diﬀerent similar Si (111) samples
were inserted in the machine and their (111) Bragg reﬂection was measured. The
average displacement of the reﬂections is about 0.015. The accuracy of angu-
lar movements is deﬁned by a goniometer, whose error is 0.0001. In addition,
the peak ﬁtting procedure results in a ﬁtting error, which should be taken into
account as well.
3.4.3 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy is a surface sensitive quantitative spectroscopic
technique for compositional analysis of materials. During XPS measurement the
sample is irradiated by a beam of X-rays and the kinetic energy of electrons that
are emitted from the material is measured. The kinetic energy of electrons will
depend on their binding energy in the material. The binding energy has charac-
teristic values for each material, thus this technique gives accurate measurement
of material composition. This technique is very surface sensitive, as electrons
emitted from the atom deep below the surface should travel through the material
undergoing a variety of collisions, recombinations and recapture before exiting
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the sample.
Due to the surface sensitivity of this technique, oxygen, hydrogen and carbon
cannot be realistically measured, since the hydrocarbons adsorbed on the sam-
ple surface aﬀect the measurement. The composition of other materials can be
accurately determined by XPS if adsorption of these material is eliminated.
The XPS equipment used in this work is a Thermo Scientiﬁc K-Alpha in-
strument, which utilises a monochromated Al-K X-ray source (E = 1486:6 eV)
and achieves ultimate spectral resolution of 0.5 eV. X-rays are focused at source
to give a spot size on the sample of 30–400 microns. A dual beam (electron
and Ar ion) charge compensation system is used to correct sample charging on
insulating substrates. This system is very eﬀective allowing spectra to be col-
lected from highly insulating samples such as Al2O3 and MgO. The instrument is
operated using Thermo Avantage software, which allows automatic execution of
experimental programmes including data collection and elemental analysis [203].
3.4.4 Photoluminescence
Photoluminescence is used to study the optical properties of materials. A laser
beam is used to excite carriers in semiconductors, which then quickly thermalise
to the valence band top (holes) or to conduction band bottom (electrons) before
recombining directly or through defect levels. Radiative recombination gives rise
to an optical signal in the photodetector. Diﬀerent peaks indicate diﬀerent defect
levels. The width of the exciton recombination peak can be used to deduce the
crystal quality of a sample. The temperature dependence of photoluminescence
peak position and intensity can be used to investigate the behavior of the band
gap, carrier life times, recombination rates etc.
The band gap energy of the semiconductor material tends to decrease with
increasing temperature. It happens due to the increase of the amplitude of atomic
vibrations with temperature, which leads to larger interatomic spacing. The
temperature dependence of the band gap may be described by the empirical
Varshni formula:
Eg(T) = Eg(0)  
T 2
 + T
; (3.22)
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where  and  are the Varshni coeﬃcients which depend on the speciﬁc material.
sample 
        He-Cd Laser 
Detector 
Monochromator 
Filter 
Microscope 
Objective 
lens 
Laser spot ~0.5 mm in diameter 
Figure 3.13: The schematic of the PL machine.
Room temperature photoluminescence was measured on the RENISHAW In-
Via Raman Microscope with HeCd laser (wavelength 325 nm, excitation power
1 – 90 mW) with a 0.5 – 30 mm diameter focus (ﬁgure 3.13). The luminescent
light is collected by the condenser lens and directed onto the monochromator and
detector.
Low temperature photoluminescence measurements were carried out in Pader-
born University by Christian Mietze and Prof Donat Joseph As. The excitation
wavelength was 325 nm with power 0.8 mW. The sample was cooled in a closed
cycle He cryostat with minimum temperature of 13 K.
3.5 Nanowire ﬁeld eﬀect transistors
3.5.1 Fabrication
The procedure for fabricating nanowire FETs by photo- and electron beam lithog-
raphy is presented in this section.
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Figure 3.14: Nanowire FET fabrication procedure. (a) ultrasonication of the as-
grown sample to remove nanowires from the substrate; (b) nanowire deposition
onto the prepatterned thermally oxidised Si wafer; (c) EBL exposure of contact
pads and development of exposed areas; (d) Ar-ion milling of EBL-exposed areas
to reduce contact resistance; (e) metal deposition; (f) lift-oﬀ.
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Devices were prepared in four steps. First, degenerately doped silicon wafers
(resistivity 0.01 Ohmcm) were chosen as measurement substrates for the devices.
Measurement substrates were oxidised in oxygen atmosphere at a temperature of
1100 C for one to two hours to grow a 150–400 nm SiO2 gate insulator. Secondly,
a photolithography mask was used to pattern macroscopic biasing tracks. After
development of the photo-resist, a Ti/Au double-layer of 20/100 nm thickness
was sputtered onto the substrate. After etching the sample in acetone, unpat-
terned resist with metal on top was lifted oﬀ, leaving the contact tracks attached
to the substrate. As the next step, alignment-markers were patterned close to
the photolithographically prepared tracks by electron-beam lithography, Ti/Au
evaporation and subsequent lift-oﬀ.
Next, an as-grown nanowire sample was immersed into 2-propanol (IPA) and
ultrasonicated for 1 minute (ﬁgure 3.14.a). This removed nanowires from the
growth substrates and created a solution of nanowires in IPA. A droplet of this
solution was deposited on the previously prepared measurement substrate with
alignment-markers (ﬁgure 3.14.b) and dried. The deposited nanowires were im-
aged by SEM. The imaging speed was chosen to be as fast as possible to reduce
nanowire damage by the electron beam. These images were used to ﬁnd a suitable
nanowire and to design contacts to it in the software created by my colleague Dr
Marion Sourribes (ﬁgure 3.14.c). 300 nm of A4 950 PMMA resist was spin-coated
onto the measurement sample with nanowires. Electron beam lithography was
used to pattern nanowire contacts.
After developing the exposed PMMA in MIBK/IPA (Methyl isobutyl ketone/2-
propanol) solution, samples were transferred into the vacuum chamber of the SVS
ion milling/sputtering system (ﬁgure 3.14.d). First, the nanowires were ion milled
to remove the surface layer (this procedure reduces the contact resistance). The
Ar ion beam acceleration voltage was 390 V, the beam voltage was 200 V and
the beam current was 10 mA. The eﬀect of ion milling on the nanowires was
investigated in TEM. No apparent damage of the nanowire inner structure was
seen after up to 5 minutes milling.
Then, without removing nanowire from vacuum, Ti/Au or Al/Au contacts
were sputtered onto the nanowires. A lift-oﬀ process in acetone was used to
obtain the metal-nanowire contacts (ﬁgure 3.14.f).
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3.5.2 Nanowire FET measurement
After fabricating the sample, substrates were mounted onto the copper block of
a chip carrier, which, in turn, was mounted on the end of the home-built dip
probe. Liquid helium was used to cool the sample down to 4.2 K. The rate
of cooling depends on the rate of lowering/lifting the dip probe into/from the
helium dewar. Measurements upon cooling down and warming up were carried
out before the actual experiment to assess the temperature measurement error,
which is approximately 0.5 K.
Stationary electrical ﬁeld eﬀect measurements were carried out using Keith-
ley 4200 semiconductor characterisation system. Pulsed I-DLTS measurements
were carried out with a home built I-DLTS system incorporating a Keithley 3390
50 MHz arbitrary waveform generator, Stanford Research SR560 low noise pream-
pliﬁer and Tektronix TDS 210 digital oscilloscope.
3.5.3 Nanowire transport models
3.5.3.1 Nanowire contact resistance
Semiconductor metal contact
The metal-semiconductor interface plays a crucial role in device performance.
Depending on the relative work functions and electron aﬃnities, the contact be-
tween a metal and a semiconductor may be a rectifying Schottky contact, or a
non-rectifying Ohmic contact. In ﬁeld eﬀect transistors, non-rectifying Ohmic
contacts between the channel and the metal contact with low contact resistance
allow fabrication of devices with the maximum performance. Understanding of
metal-semiconductor interface is therefore highly important.
The band-bending diagrams of ideal Ohmic and Schottky contacts for an n-
type semiconductor are shown in ﬁgure 3.15. According to the Schottky-Mott
theory [204], the Schottky contact barrier S depends on the vacuum electron
aﬃnity of the semiconductor semi and the work function of the metal Wmetal:
qS  Wmetal   semi: (3.23)
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Figure 3.15: Model of a semiconductor-metal contact. (a) Schottky contact, (b)
Ohmic contact for non-degenerate semiconductor, (c) Ohmic contact for degen-
erate semiconductor, (d) two Schottky contact with applied voltage, (e) image
force barrier lowering at Schottky contact in reverse bias.
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Although equation 3.23 predicts band-bending in the semiconductor and can
be used for calculating the Schottky barrier height, it very often gives values
not matching the experiment. This usually happens due to Fermi level pinning
caused by the charged states at the metal-semiconductor interface.
The Ohmic contact barrier O between a metal and a non-degenerate semicon-
ductor is usually much smaller than the Schottky contact barrier (ﬁgure 3.15.b).
Degenerate semiconductors ideally have no barrier at the contact (ﬁgure 3.15.c),
with the contact resistance being zero.
Schottky barrier current and barrier lowering
The current through the Schottky contact I may be described by thermionic
emission-diﬀusion theory [205]:
I = JSS
 
e
qVds=kBT   1

;
JS = A
T
2exp

 
qS
kBT

;
(3.24)
where S is the contact area, A is the eﬀective Richardson constant, V the voltage
applied to the Schottky barrier, and T the temperature. Equation 3.24 may allow
estimation of the barrier height S from the forward biased Schottky contacts, or
from the temperature dependence of the current through the Schottky contact.
Under negative bias, the current saturates at the value JS.
In the work presented, the nanowire is usually connected to similar metal
contacts at both ends. It will be shown that both contacts are Schottky with
low barrier height (ﬁgure 3.15.d). This results in any applied voltage being a
reverse voltage and the current through the nanowire saturating. However, in
some conditions, the electrical ﬁeld next to the Schottky barrier may lower the
barrier height (ﬁgure 3.15.e). This eﬀect is called the Schottky eﬀect or image
force barrier lowering [205]. The barrier lowering may be expressed as follows:
R = S   S = S  
r
e"
40sc
; (3.25)
where 0 and sc are the dielectric constants of vacuum and the semiconduc-
tor respectively, and " the electric ﬁeld which may be expressed as " = Vds=L,
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where L is the distance between drain and source contacts. Considering both
equations 3.25 and 3.24, it is clear that under reverse bias, the current will in-
crease with the voltage. At suﬃciently high voltages and currents, the barrier
approaches zero, and the voltage redistributes among the contact barrier resis-
tance and the bulk resistance Rbulk. The voltage drop across the Schottky barrier
becomes Vds   IRbulk, and the current becomes:
I = SA
T
2 exp
"
qS  
p
(e(Vds   IR))=(4L0sc)
kBT
#


exp

 
q(Vds   IR)
kBT

  1

:
(3.26)
For FET drain and source contacts, it is desirable to have Ohmic contacts
for better current injection. Schottky contacts with barrier height on the or-
der of 100 meV or lower (i.e. comparable to kBT with T  300 K) behave as
Ohmic contacts at room temperature. Equation 3.26 therefore is used only at low
temperatures. At room temperature, channels in these FETs obey Ohm’s law.
Analysis of the current through a nanowire FET with Ohmic contacts is given in
the next sections.
3.5.3.2 Nanowire surface band bending
Band bending of the semiconductor material determines the conductivity in a
nanowire. For example, ZnO nanowires have a surface charge depletion layer
due to a negatively charged oxygen adsorbed on the surface with the dominant
conductivity happening in the core of the nanowire [177; 206]. InAs nanowires, on
the other hand, have a surface electron accumulation layer which accounts for the
main contribution to the conductivity [207]. A simple model for non-degenerate
n-type semiconductor nanowires with a surface charge depletion region is given
here. The eﬀect of holes is omitted for clarity. First, we will show how the surface
depletion region is aﬀected by the surface states and gate voltage, then we will
derive expression for current through nanowire.
We assume a nanowire to have cylindrical symmetry, uniform distribution of
ionised shallow donors with concentration Nd and uniform distribution of surface
states. A negative surface charge creates the surface band bending and positively
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Figure 3.16: Model of nanowire band bending for an n-type nanowire with a
surface depletion region. (a–b) equilibrium condition, VG = 0, band diagram and
graphic representation, with orange region being the conductive core and blue
region being the depletion region; (c–d) band diagram of the nanowire under
applied negative gate voltage, surface charge is negative
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charged depletion region near the surface of the nanowire (ﬁgure 3.16). This
depletion region (blue colour in ﬁgure 3.16) acts as an insulating layer surrounding
the conducting core of the nanowire (orange colour, ﬁgure 3.16). The depletion
region charge is composed of the charge of ionised donors:
Q+ = qNdWd(2R   Wd)L; (3.27)
where L is the distance between contacts, R the radius of the nanowire, q the ele-
mental charge, Wd the depletion region width which depends upon the gate volt-
age VG. The charge of the depletion region may also be expressed as Q+ = CDRVB,
where VB is the surface barrier height, CDR the depletion region capacitance. Ac-
cording to a simple cylindrical capacitor model:
CDR =
20ZnOL
ln(R=(R   Wd))
; (3.28)
where ZnO is the dielectric constant of ZnO. The barrier height can be found
from combining equations 3.27 and 3.28:
VB =
qNdWd(2R   Wd)ln(R=(R   Wd))
20ZnO
; (3.29)
or, equivalently,
VB =  
R2qNd x(2   x)ln(1   x)
20ZnO
; (3.30)
where x = Wd=R. Voltage barrier VB dependence of the depletion width reduced
to nanowire radius for diﬀerent donor concentrations in ZnO nanowire with radius
25 nm is shown in ﬁgure 3.17.a. Higher charge carrier densities result in the
smaller depletion region width for the same surface barrier voltages.
The charge on the nanowire surface is the sum of the negative surface state
charge Qss and the charge induced by the gate voltage, Q  = Qss + CoxideVG
(ﬁgure 3.16.b). Here VG is the gate voltage and the oxide capacitance Coxide for
a back-gated nanowire FET is calculated based on the model of a metallic wire
above a charged plane:
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Coxide =
20SiO,eﬀL
ln
 
d=R +
p
(d=R)2   1)
; (3.31)
where SiO,eﬀ is the eﬀective relative permittivity of air and silicon oxide which
can be taken to be equal 2.2 [208], and d the oxide thickness. We can deﬁne the
eﬀective negative gate voltage as VG,eﬀ  jQ j=Coxide = jQss + CoxideVGj=Coxide.
Noting that jQ+j = jQ j due to charge equilibrium, from equation 3.27 we get
the dependence of the depletion region width Wd on the eﬀective gate voltage
VG,eﬀ:
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Figure 3.17: Nanowire band bending. (a) surface barrier voltage dependence of
the depletion width at diﬀerent donor concentrations, according to equation 3.30;
(b) dependence of the surface barrier voltage on the eﬀective negative gate voltage
for ZnO nanowire with diﬀerent donor concentrations, according to equations 3.30
and 3.32.
Wd=R = 1  
s
1  
CoxideVG,eﬀ
R2qNdL
: (3.32)
Taking into account equations 3.30 and 3.32 we can get eﬀective gate voltage
dependence of the nanowire surface barrier voltage. This dependence is shown
in ﬁgure 3.17.b for ZnO nanowire with radius 25 nm and with diﬀerent donor
concentrations. ZnO nanowires exhibit high concentration of surface states with
carrier capture onto these states depending on the surface barrier. Therefore,
understanding of how gate voltage eﬀects the surface barrier is important for
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both device modelling and fabrication. Figure 3.17.b shows that for a typical
ZnO nanowire with surface barrier of 0.3 eV and with donor concentration Nd =
5  1019 cm 3, increase of the surface barrier by 0.1 eV, i:e: from 0.3 to 0.4 V,
requires the gate voltage change by 5 V.
3.5.3.3 Current through the nanowire FET
Here we will not limit our consideration by discussing nanowires with depletion
regions only. We shall derive the expression for charge current for any n-type
nanowire. We start our derivation from reminding that the charge on the outer
walls of the wire should be balanced by the nanowire charge jQ j = jQ+j. The
nanowire charge is constituted of the charge of the ionised shallow donors with
concentration Nd and the charge of the free carriers qL
R R
0 n(r)2rdr, where n(r)
is the distribution of the free carrier density which depends on the conduction
band proﬁle in the nanowire. The charge in the nanowire is
QNW = qL
Z R
0
n(r)2rdr   qR
2NdL: (3.33)
Since Q  = Qss + CoxideVG, the charge of free carriers is equal to:
Qfree carriers = qL
Z R
0
n(r)2rdr = Qss + CoxideVG + qR
2NdL: (3.34)
The equation for the drain-source current Ids through the nanowire may be
derived from [205], assuming the drain-source voltage Vds is much smaller than
the gate voltage and the surface barrier voltage:
Ids =
qVds
L
ZZ
A
ndA =
=
qVds
L
Z R
0
(r)n(r)2rdr;
(3.35)
where (r) is the mobility which depends on the position (the scattering will
be diﬀerent at the nanowire surface and in the nanowire core), A the nanowire
cross-sectional area. Next, we introduce the eﬀective carrier mobility eﬀ as:
843. EXPERIMENTAL METHODS AND THEORY
eﬀ =
R R
0 (r)n(r)2rdr
R R
0 n(r)2rdr
: (3.36)
Now the current through the nanowire becomes:
Ids =
qVdseﬀ
L2 Qfree carriers (3.37)
Putting equations 3.34 and 3.37 together we get:
Ids =
eﬀNd q
L


R
2 +
Qss + CoxideVG
qNdL

Vds; (3.38)
or, equivalently,
Ids =
eﬀ Coxide
L2 [VG + VT]Vds; (3.39)
where VT =
Qss
Coxide +
NdqR2
Coxide is the threshold voltage. Equation 3.39 coincides well
with the usual transistor formula in the linear regime [205]. The usual expression
of the threshold voltage does not contain surface charge [166] and is used to
infer the concentration of ionised shallow donors Nd, which at high temperatures
coincides with carrier concentration. The term “carrier concentration” will be
used interchangeably with the term “ionised shallow donor concentration” in this
work. The appearance of term Qss=Coxide in the threshold voltage shows that
the usual way of obtaining carrier concentration gives an incorrect result (either
underestimating or overestimating the concentration depending on the sign of
surface charges). The negative (Qss < 0) and positive (Qss > 0) surface charge
will create surface depletion and accumulation layer respectively.
ZnO nanowires usually have negatively charged surface states which create
surface depletion region (ﬁgure 3.16). Along with equation 3.39 the following
expression is valid for current through the nanowire with surface depletion area:
Ids =
eﬀNdqAcore
L
=
Ndq
L

 
R   Wd(VG))
2Vds: (3.40)
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3.5.3.4 Corrections to nanowire FET resistance and capacitance
In this work for nanowires with Ohmic contacts we estimate the eﬀective carrier
concentration Nd;eﬀ by measuring the resistance of the wire R and using the
formula:
R =
L
eﬀNd;eﬀqR2; or
Nd;eﬀ =
L
eﬀRqR2:
(3.41)
For nanowires with surface depletion region nanowire resistance is:
R =
L
eﬀNdq(R   Wd)2: (3.42)
The depletion region charge is equal to the charge of the surface states:
qNss2RL = qNdWd(2R   Wd)L, where Nss is the surface charge in cm 2.
Putting the solution of this equation into 3.42 and using 3.41 we get:
Nd =
L
eﬀRqR2 +
2Nss
R
;
Nd;eﬀ = Nd  
2Nss
R
:
(3.43)
In the presence of surface states, the eﬀective carrier concentration will be
lower in nanowires with lower diameters.
The model of the FET capacitance Coxide uses the assumption of a nanowire
being an inﬁnite metallic cylinder over a conductive plane. These approximations
are not correct when nanowire has low charge carrier concentration and when
the distance between the contacts is on the order of the contact dimensions.
Numerical modeling shows that nanowires with diameters larger than 20 nm and
the carrier concentration higher than 1017 cm 3 can be described by the usual
model with high enough accuracy (error less than 1 %) [209].
Contact eﬀects, such as imaging force, depletion region width, contact area,
insulating layer, shunt resistance and eﬀect of the minority carriers, aﬀect the IV
characteristics of the nanowire. Investigation and decoupling of these eﬀects was
carried out by Zhang et al. [210]. For ZnO nanowires used in this work it will be
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shown that they have the carrier concentration of 1019 cm 3, the depletion region
of 2 nm, and most parameters may be determined using the equation 3.39.
3.5.4 Current-mode deep level transient spectroscopy in
nanowires
3.5.4.1 I-DLTS method
In I-DLTS measurements on nanowire FETs, a ﬁxed drain-source voltage Vds is
applied to the nanowire resulting in a constant current Ids;0 through the nanowire.
The gate voltage is kept at a quiescent value VGQ and a gate voltage pulse VG is
applied periodically with period TP and width tP (ﬁgure 3.18.a). In n-type nano-
wires (like ZnO), a positive pulse VG populates deep trap states with electrons,
which, after the end of the pulse, get emitted from the deep traps with an emis-
sion rate en, contributing to the relaxation current I(t) = I(t)   Ids;0 through
the nanowire (ﬁgure 3.18.b). The I-DLTS signal is constructed by measuring the
relaxation current at times t1 and t2 after the end of the pulse and subtracting
them: IDLTS  I(t1)   I(t2).
The rate of carrier emission en from the deep traps can be expressed as:
en / 0 exp( Edl=kBT), where Edl is the deep trap activation energy, 0 the trap
cross-section and kB Boltzmann’s constant. Hence the emission rate will vary
with temperature. At low temperatures the emission rate will be very low, much
lower than t
 1
2 , resulting in I(t1)   I(t2) being close to zero. Conversely, at high
temperatures the emission rate will be high, much higher than t
 1
1 , also resulting
in I(t1)   I(t2) = 0. At some intermediate temperature, Tmax, IDLTS will reach a
peak value (ﬁgure 3.18.c). The value of Tmax depends on the choice of t1 and t2.
Assuming an exponential time dependence of the emission I(t) / exp( ent),
at temperature Tmax, there is an unambiguous relation between the emission rate
and the times t1 and t2: en(Tmax) =
ln(t2=t1)
t2 t1 [18]. By choosing diﬀerent values
of t1 and t2 and measuring the temperature at which the maximum in IDLTS(T)
occurs, we obtain the dependence of en on temperature. From this dependence
we can obtain the apparent cross-section of the trap 0 and its energy position
in the band gap Edl.
It will be shown later, that the electron emission from the electron traps
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generally results in the negative current transient signal as shown in ﬁgure 3.18.b,
which gives rise to an I-DLTS minimum (ﬁgure 3.18.c). On the contrary, the
hole emission will result in the opposite current transient sign, giving rise to
an I-DLTS maximum. Semiconductor nanowires have diﬀerent types of traps
residing in the core of the nanowire, on its surface, on the semiconductor-dielectric
or semiconductor-metal interface. These traps will aﬀect current through the
nanowire in diﬀerent ways. The account of the physical phenomena that govern
the dynamics of the carriers due to the deep trap states, surface states and charge
hopping is given in the next section.
3.5.4.2 Current transient in nanowires
Bulk nanowire deep electron traps
Let us consider a deep donor level that is uniformly distributed throughout
the n-type nanowire (ﬁgure 3.19.1). This donor level is neutral when empty
and negatively charged when ﬁlled with electron. At quiescent gate voltage bias
VGQ deep traps below the Fermi energy are ﬁlled with electrons, while those traps
above the Fermi energy (close to the nanowire surface) are empty (ﬁgure 3.19.a.1).
When a positive gate voltage pulse VG is applied, the Fermi energy changes its
position with deep levels below the Fermi energy promptly ﬁlling with electrons
(ﬁgure 3.19.b.1). When the gate voltage returns to the quiescent bias value, the
ﬁlled levels start emitting electrons into the conduction band (ﬁgure 3.19.c.1).
The emission of electrons from the deep states follows an exponential decay with
emission rate en according to Shockley-Read-Hall statistics [211; 212]. Assuming
that all the deep traps are ﬁlled with electrons at time t = 0, the time-dependence
of the number of carriers trapped on the deep levels ndl(t) and the number of
carriers emitted from the deep levels into the conduction band n(t) is:
ndl(t) = ndl,0 exp( ent);
n(t) = ndl,0(1   exp( ent));
en = 0T
2 exp( Edl=kBT);
(3.44)
where ndl,0 is the number of deep traps, ndl,0 = Ndl,0  V , Ndl,0 the trap concen-
tration, V the volume of the charging-recharging traps, Edl the energy diﬀerence
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Figure 3.19: Diﬀerent mechanisms of current transients: deep levels in a nanowire
.1, surface states .2 and hopping mechanism .3. (a) quiescent gate voltage con-
ditions VGQ; (b) positive gate voltage pulse VG; (c) emission of electrons from
the ﬁlled traps into the conduction band at the quiescent gate voltage.
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between the energy level of the deep trap and the conduction band, 0 is an ef-
fective minority carrier capture cross section and  = 2
p
3(2)3=2h 3k2m, with
m the eﬀective electron mass. Here, we will neglect the temperature dependence
of the Fermi level position, the carrier concentration and, therefore, the value of
ndl,0.
The change in population of these levels will result in a current transient
through the nanowire. There are two components of the current transient, the
detrapping current, IC, and the depletion width modulation current, ID. Here
we consider each of these components in turn.
The detrapping current depends on the rate of change of charge due to emis-
sion of electrons into the conduction band. Electrons emitted from the deep
level are swept by the radial electric ﬁeld to the nanowire core, and then by the
drain-source electric ﬁeld to the nanowire contacts, resulting in a drift electron
current:
IC =  q
@ndl(t)
@t
=  q
@[ndl,0 exp( ent)]
@t
= qenndl,0exp( ent): (3.45)
We now consider the depletion width modulation current. After the removal
of the voltage pulse VG, the charge of the ionised donors in the depletion region
is exactly balanced by the sum of the negative surface charges and the electrons
on the deep trap states (this balancing is maintained by fast movement of the
free electrons). When electrons are emitted from the deep traps, then this charge
balance can only be maintained by a corresponding decrease in the number of
ionised donors in the depletion region. Equivalently the emission of electrons from
deep traps is accompanied by a decrease in the width of the depletion region. This
suppression of the depletion region results in an increase in the nanowire current.
The charge of the ionised donors is Q+i = qNdWd(2R Wd)L, and the change
in the charge of the ionised donors is equal to the change of the deep level charge:
Q+i(t) = Qdl(t) = qndl(t). Taking into account equation 3.38, we get expression
for the depletion width modulation current:
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Ids =
Ndq
L


R
2 +
Qss + Qdl(t)
qNdL

Vds;
ID =  
q
L2Vdsndl,0exp( ent):
(3.46)
Summing up equations for the detrapping current and the depletion width
modulation current we obtain:
I(t) =

 

L2Vds + en

qndlexp( ent); (3.47)
We will now show that these two terms can be distinguished by their tempera-
ture-dependence. Let’s consider the prefactor of the transient  Vds=L2+en. The
weak temperature dependence of the ﬁrst term lies in the carrier mobility (T).
Division of the current transient by the static expression for the current (equa-
tion 3.39) I(T)=I(T) eliminates the temperature dependence of the mobility.
The temperature dependence of the static current I(T) can be measured sepa-
rately. Assuming no temperature dependence of carrier concentration, the value
(T)Vds
L2 =I(T) will be nearly independent with temperature. On the other hand,
the prefactor of the detrapping current component depends dramatically on tem-
perature, as the pre-factor in equation 3.45 includes the emission rate en, which
exponentially increases with temperature (equation 3.44).
The ﬁrst term (depletion width modulation component) is usually much larger
than the second term (detrapping component) in our experiment due to the pa-
rameters of our devices (  20 cm2/(Vs), L = 500 nm, Vds = 0.2 V and
Vds=L2  109 sec 1, whereas en  2  102   2  104 sec 1). Thus, the modula-
tion current will usually dominate the current relaxation. If, however, the Fermi
level is pinned to the surface states, and the size of the depletion region Wd does
not follow the recharging of the deep traps, then the detrapping component en
will dominate the current transient and the prefactor will strongly depend on
temperature.
The I-DLTS signal will be either negative or positive depending on whether
the depletion width modulation component or the detrapping component dom-
inates. Since the depletion width modulation component is usually larger than
the detrapping component, we expect negative peaks in the nanowire I-DLTS
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spectra.
Surface electron traps
Surface electron traps will aﬀect current transients in a way similar to bulk
deep levels (ﬁgure 3.19.2). Figure 3.19.c.2 shows that charge emission from the
surface traps will express itself in the same two current components: the detrap-
ping current and the depletion modulation current. The only diﬀerence between
surface and bulk traps will be seen in the charge capture process. Whereas
the bulk trap capture does not exhibit any thermally activated behaviour, ﬁg-
ure 3.19.b.2, shows that the surface trap capture rate depends on the surface
barrier Eb. The electron capture process is self-limiting, since when electrons
are trapped on the surface levels, the barrier for electrons grows and repels new
electrons from the surface states. This increase in surface barrier increases the
depletion region width and thus reduces the current. The same behaviour was
observed in un-passivated ZnO nanowire ﬁeld-eﬀect transistors in oxygen atmo-
sphere at room temperature [190].
The charge capture process may be observed in the so-called “capture-mode”
I-DLTS [193]. It exploits a negative gate-voltage pulse, during which the surface
states emit trapped charge. After the negative gate voltage pulse is retracted
and the higher quiescent gate voltage is restored, surface states start trapping
electrons with capture rate cn. The expression for the carrier capture rate is
similar to equation 3.44:
cn = ssT
2exp( Eb=kBT); (3.48)
where ss is the surface state capture cross-section. We assume as a ﬁrst approx-
imation that Eb is constant in time. The barrier energy will however depend on
the gate voltage as outlined in section 3.5.3.2, equations 3.30 and 3.32.
Hole traps
Emission from hole traps can be described by equation 3.47 with sign of q
inverted. However the behaviour of holes in an n-type nanowire is very diﬀerent
from that of electrons. After the positive gate voltage pulse is retracted, the
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electric ﬁeld will attract holes towards the surface (as opposed to electrons, which
are pushed away from the surface). If hole acceptor traps reside near the surface,
they will start capturing these holes. The rate of change of the number of holes
in the valence band and their recombination rate will be expressed as [211]:
@p(t)
@t
=  
p
p
; and
p(t) =p(0) + Np;0  exp( t=p);
(3.49)
where cp = 1=p = Ndl,0vthp is the hole capture rate, vth the thermal carrier
velocity and p the trap capture cross-section, p(0) the initial number of holes,
Np;0 the number of deep levels capturing the holes. The current through the
nanowire is expressed as Ip(t) = q@p(t)=@t =  qcpNp;0 exp( cpt). Some traps
have thermally activated cross-section (c(T) = c;0  exp( Ea=kBT) [18]) and
they may give rise to negative peaks in I-DLTS spectra. Most of the positive
peaks observed in the literature on thin ﬁlm FET I-DLTS are attributed to the
so-called “hole-like” traps and they may both emit and capture holes [193].
Hopping transport in nanowires
It was reported that ZnO nanowires may exhibit a hopping transport mecha-
nism [213]. In this case, the following explanation may be applied for nanowires
with no deep levels (ﬁgure 3.19.3). After the end of the gate voltage pulse, the
negative surface charge sweeps electrons away towards the nanowire core (ﬁg-
ure 3.19.b.3). In the case of the hopping mechanism, the probability for an elec-
tron to move (or the “hopping rate”) is  = 0 exp( Eh=kBT), where Eh is the
average activation energy for charge hopping. This expression is analogous to the
emission rate expression in equation 3.44. After the end of the pulse, the deple-
tion region charge will gradually increase from jQssj CoxideVG to jQssj and the
current through the nanowire will decrease consequently. Thus, the expression
for current in the hopping transport regime will be
IH =
q
L2VdsCoxideVGexp( t): (3.50)
The prefactor of this expression is positive. Therefore, hopping conductivity
gives rise to a positive I-DLTS peak. The hopping activation energy Eh strongly
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depends on the electric ﬁeld at the nanowire surface according to the Poole-
Frenkel law. Under very strong electric ﬁeld (or large negative charge on the
surface. jQssj CoxideVG, the activation energy will decrease and may completely
vanish.
3.5.4.3 I-DLTS. Measurement setup
 
 
Oscilloscope 
Computer 
    
Rref 
Nanowire 
Si/SiO2  Gate voltage, VG 
Constant  
Drain-source 
Voltage, VDS 
Preamplifier and 
filter 
Figure 3.20: Measurement setup of I-DLTS measurement on nanowire FET.
The I-DLTS measurement setup is shown in ﬁgure 3.20. A ZnO nanowire ﬁeld
eﬀect transistor with back-gate is used for the measurement. The drain-source
voltage through the nanowire is kept constant at Vds = 0.2 V. A negative quiescent
gate voltage bias of VGQ =  10 V keeps a large area of the n-type nanowire
cross-section depleted. Gate voltage pulses VG of 10 V amplitude and 100 sec
duration are applied to the gate of the nanowire FET with repetition rate between
0.1 and 1 kHz. The current through the nanowire is probed by the diﬀerential
pre-ampliﬁer across a reference resistor whose resistance is much smaller than
the nanowire resistance. The DC component of the current is ﬁltered out and
the relaxation current is ampliﬁed. The signal is supplied to the oscilloscope,
averaged and digitised. The I-DLTS signal IDLTS = I(t1)   I(t2) is measured at
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diﬀerent temperatures.
The behaviour of the IDLTS peak depends on the prefactor in equation 3.47.
Considering only the depletion width modulation current component, it can be
shown, that if we choose times t1 and t2 so that t1 varies but the ratio t2=t1 is
ﬁxed, then the magnitudes of the IDLTS=I(T) peak corresponding to a speciﬁc
trap level will be independent of temperature.
For the detrapping current component, on the other hand, the IDLTS peak
magnitude for diﬀerent t1 and ﬁxed t2=t1 will increase exponentially with tem-
perature (second term in the prefactor equation 3.45). However the peak value of
the product t1  IDLTS is independent of temperature [214]. The dependence of
the I-DLTS peak magnitude on temperature may therefore be used as a feature
to distinguish the detrapping and depletion width modulation processes in the
nanowires.
Here for the deep level analysis the t2=t1 ratio is ﬁxed to 2. The time value t1
ranges from 50 msec to 4 msec.
96Chapter 4
InAs-based nanowires
4.1 Growth of InAs nanowires
InAs and InAsP nanowire growth and SEM-characterisation were conducted by
Dr Marina Panﬁlova.
InAs nanowires were grown by molecular-beam epitaxy with a solid In source
and As4 and P2 cracker cells. The as-received Si (111) substrate was annealed
at 900 C for ten minutes in the vacuum chamber to remove an oxide layer.
Afterwards it was put in the fume-cupboard for 24 hours to get approximately
2 nm of a fresh natural oxide layer. The oxidised Si was annealed in an As
atmosphere at 760 C for 8 min. Nanowires were then grown on the prepared
substrate at a temperature between 465 and 495 C with As- and In- beam-
equivalent pressures of 0.2–1.010 5 and 4.310 8 Torr respectively [95].
Table 4.1 represents the main parameters of the growth runs and resulting
nanowires (density, diameter and length). The aim was to grow nanowires with
the highest possible density and that they would be long enough to carry out
4-point probe electrical measurements. The aim is achieved by regulating the
substrate temperature and the In:As ratio at the same time. The highest density
and the longest nanowires were grown at 470–480 C substrate temperature and
In:As ratio 1:232 (sample 103R10). This sample resulted in nanowires with the
most uniform density and diameter (relative ﬂuctuations of the diameter are less
than 10 %).
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Table 4.1: InAs MBE grown samples. Main parameters and nanowire charac-
teristics: Temperature of the substrate during growth, BEP readings from the
ion-gauge measurement under the sample. Density, diameter and length derived
from SEM investigation.
Sample Tsub, BEP (In) BEP (As) Ratio
C Torr Torr In:As
103R4 465 4:3  10 8 2:2  10 6 1 : 49
103R5 495 4:3  10 8 8  10 6 1 : 186
103R6 495 4:3  10 8 1:35  10 5 1 : 314
103R7 495 4:3  10 8 8  10 6 1 : 186
103R8 495 4:3  10 8 1:35  10 5 1 : 314
103R10 475 4:3  10 8 1:0  10 5 1 : 232
time Density Diameter Length
min NW/mm2 nm mm
103R4 42 no nanowires
103R5 45 2.8–3.8 34–94 0.53–1.27
103R6 45 6.2–6.8 46–64 1.36–1.63
103R7 90 1.1–2.2 77–91 1.75–2.1
103R10 120 20–43 48–55 3
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Figures 4.1.a,b show scanning electron microscope images of self-catalysed
MBE-grown InAs nanowires (sample 103R7). (Other samples are similar to the
one shown here.) The images show an array of mostly vertically-aligned nanowires
with regular hexagonal cross-section with a diameter of 50–70 nm (ﬁgure 4.1.b,
inset).
In addition to the nanowires, the substrate is covered by faceted clusters
of complicated shape. Their dimensions are approximately 1 mm in width and
300 nm in height.
 
(c)  (d) 
Figure 4.1: Scanning electron micrograph images of the as-grown InAs nanowires.
(a) 45 view; b) top view. The scale bars are 1 mm. Inset in (b): top view of the
hexagonal nanowire with indexed directions and planes, the scale bar is 50 nm;
(c) X-ray diﬀractogram of the sample 103R10; (d) rocking curve of the sample
103R10.
Figure 4.1.c shows an XRD scan of the as-grown sample 113R10. The most
intense peaks are Si(111) substrate and InAs(111) peaks conﬁrming a strong ori-
entation of the grown samples. In addition, the ﬁgure shows some low magnitude
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cubic zinclbende phase peaks (InAs(220) and InAs(311)), which arise from poly-
crystalline clusters and mis-oriented nanowires. Figure 4.1.d shows the omega-
scan (or “rocking” curve) of the InAs(111) reﬂection, showing that the full width
at half-maximum (FWHM) is approximately 1 degree. FWHM of epitaxial thin
ﬁlms is usually in the order of 0.01–0.1 degree. The broadening of the nanowire
rocking curve occurs due to mis-orientation and bending of the wires.
Figure 4.2 shows high resolution transmission electron micrographs of a repre-
sentative InAs nanowire. Note that no droplet is visible at the top of the nanowire
(ﬁgure 4.2.a). Although this fact might suggest vapour-solid growth mechanism
of InAs nanowires, researchers have given suﬃcient evidence that these nanowi-
res are grown by the VLS-growth mechanism via naturally occurring In-droplets,
which then crystallise under As ﬂux [107; 108]. The top of the wire (ﬁgure 4.2.a)
shows a high density of stacking faults and phase boundaries perpendicular to
the growth direction. The inset shows a fast Fourier transform (FFT) of this
micrograph, the straight lines conﬁrming the strong intermix of zincblende and
wurtzite structures. The bottom of the nanowire (ﬁgure 4.2.b) shows a relatively
long (about 60 nm) region with a much lower density of phase boundaries. The
inset at the bottom right (ﬁgure 4.2.d) shows the FFT of this area with spots
corresponding to the pure hexagonal phase. The combination of two segments,
one with a lower density of phase boundaries and the other much larger one with
a higher density of stacking faults is seen in many nanowires. The zincblende
segment with a lower density of phase boundaries appears only at the bottom
of the nanowire and is 50 to 70 nm long. The explanation for this is given in
[109]: in the ﬁrst moments of the growth and at low level of catalyst droplet
supersaturation, wurtzite phase nucleation is favoured over zincblende phase.
Figure 4.2.c shows an HRTEM picture of a cluster. No wurtzite phase is
visible in the cluster, although some twin- and grain-boundaries are present. In
addition, the FFT (ﬁgure 4.2.c, inset) corresponds to a zincblende lattice. Many
clusters are found to be polycrystalline.
Although both cubic zincblende and hexagonal wurtzite phases are present
in the nanowires, from hereon we will use the cubic structure notations. I:e:
the (111) and (220) zincblende lattice spacings, corresponding to the (0002) and
(1120) wurtzite lattice spacings respectively.
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Figure 4.2: Transmission electron micrographs of a typical InAs nanowire and
cluster: (a) top of the nanowire, (b) bottom of the nanowire (pure InAs) and
(c) cluster. Insets at the top left corner of the nanowire images: low resolution
micrographs. Insets at the bottom right corners of (a – c) images: Fast Fourier
Transform (FFT) of the pictures. (d) high resolution picture of a selected part
of relatively phase pure area as shown by the box in (b). The white lines denote
phase boundaries.
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In summary, self-catalysed growth of InAs nanowires on Si(111) substrate was
achieved and optimised. InAs nanowires have diameters of approximately 50 nm
and length of 3 mm. They grow in mixed wurtzite-zincblende microstructure.
Phosphorus incorporation in these nanowires is studied in the next section.
4.2 InAsP nanowires
4.2.1 InAsP nanowire growth
In order to be able to fabricate InAs-based heterostructures, control of the band
gap is required. The presence of phosphorus in InAs nanowires increases their
band gap. Study of phosphorus incorporation is presented in the following section.
To grow InAs1 xPx nanowires, In and As sources were open for 10 minutes
resulting in the growth of phosphorus-free nucleation nanorods of length 150
nm (the recipe used was identical to that of sample 103R10). Phosphorus was
subsequently introduced into the chamber and the nanowires were grown for
a further 2 hours. To control the phosphorus content, x, the beam-equivalent
pressure of phosphorus was varied from 510 7 to 4.310 6 Torr. This is equiv-
alent to 18 to 65 per cent of the combined (As and P) group-V material ﬂux
Jnorm(P) = JP=(JP + JAs), where JP and JAs are the ﬂuxes of phosphorus and
arsenic respectively calculated from the beam equivalent pressures using equa-
tion 3.13.
Figures 4.3.a–e show scanning electron microscope images of self-catalysed
MBE-grown InAs1 xPx nanowires with diﬀerent Jnorm(P). The images show a
growth geometry similar to that of pure InAs nanowires. Figure 4.3.f shows the
dependence of the density and the length of the nanowires on the phosphorus ﬂux.
The length of the wires is approximately 2–4 mm for all the samples. The density
of the nanowires decreases from around 30 to 5 wires per mm2 after introducing
phosphorus into the growth chamber. The thickness of the wires is between 40 nm
and 70 nm.
Figure 4.4 shows HRTEM of InAsP nanowires and clusters. The comparison
between the images of InAsP and InAs nanowires (ﬁgure 4.2) does not reveal any
visible diﬀerence in the crystallographic composition of nanostructures: nano-
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(a)  0 %  (b)  18 % 
(c)  30 %  (d)  40 % 
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Figure 4.3: (a)–(e): Scanning electron micrograph images of the as-grown
InAs1 xPx nanowires with diﬀerent normalised phosphorus ﬂux, Jnorm(P), 45
view, the scale bars are 0.5 mm. (f) dependence of density and length of nanowi-
res on normalised phosphorus ﬂux, Jnorm(P).
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(a)    (b)   
 
  
Figure 4.4: HRTEM images of (a) nanowire and (b) cluster of a InAs1 xPx sample
with Jnorm(P) = 30 %.
wires consist of a wurtzite and zincblende mixture, and clusters are zincblende
polycrystalline.
The relative composition of wurtzite and zincblende crystal polytypes can be
counted from the HRTEM images of the nanowires. After thoroughly studying
at least three nanowires from every sample, the following ﬁgures are extracted
(table 4.2).
Table 4.2: InAsP samples. Relative wurtzite composition (hexagonality) ex-
tracted from HRTEM images.
Jnorm(P), % Relative wurtzite
composition, %
0 67
30 76
40 65
65 68
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4.2.2 Phosphorus incorporation
4.2.2.1 EDX on nanowires
For further analysis isolated nanowires grown under diﬀerent normalised phos-
phorus ﬂuxes were transferred onto a copper supported carbon ﬁlm. EDX spectra
measured on these samples are shown in ﬁgure 4.5. The C and Cu peaks appear
because of the TEM-grid. The highest peaks are In and As, which are almost un-
changed from sample to sample. The inset shows the behaviour of the P peak in
more detail. The nanowires incorporate phosphorus and the phosphorus content
increases with the P-ﬂux. However the low phosphorus signal and the absence of
pure InP nanowire samples for calibration hinders the possibility of quantitative
analysis of the spectra.
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Figure 4.5: EDX-spectra of diﬀerent samples. Signal from isolated InAs1 xPx
nanowires on a copper-supported carbon grid in the TEM chamber. Spectra were
normalised to the In peak. Inset shows an enlarged view around the phosphorus
peak.
4.2.2.2 XRD on as-grown samples
In order to make the analysis more quantitative X-ray diﬀraction was used. Nano-
wires grow along the InAs1 xPx(111) direction, are highly parallel to the (111)
direction of the Si-substrate, and are distributed on the substrate with a relatively
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high density. This provides a good geometry for high accuracy XRD. The total
uncertainty comprises of the instrument error, sample misalignments, detector
and goniometer resolution and non-verticality of the nanowires. This allows the
measurement of the change in lattice constant with an error of less than 0.01 Å.
High resolution transmission electron microscopy could not reach this level of ac-
curacy. The smallest possible error of the lattice parameter measurement achieved
from FFT analysis of high magniﬁcation TEM images is 0.1 Å.
The lattice constants of bulk InAs and InP are 6.06 Å and 5.87 Å respec-
tively. The increase of phosphorus ﬂux should lead to a decrease in the lattice
constant by an amount corresponding to the fraction of phosphorus incorporated
in the sample. Phosphorus may be incorporated inhomogeneously into the nano-
wires due to various strain eﬀects. However, the density of stacking faults and
the diameter of the nanowires are similar for all the samples, so any nonunifor-
mity of P incorporation would result only in a broadening of the XRD peaks.
The calculated average lattice constant can therefore be used as a measure of
the phosphorus content x. This is estimated using Vegard’s Law (equation 3.14)
x =
 
aInAs   aInAs1 xPx

=(aInAs   aInP), where a is a lattice constant of a nanos-
tructure.
4.2.2.3 Discussion: Clusters and nanowires
The clusters present on the substrate of the as-grown samples are of a diﬀerent
crystal structure from the nanowires (see ﬁgures 4.2.c, 4.4.b) and may have diﬀer-
ent lattice constants; this restricts the extent to which XRD measurements of the
as-grown samples can be considered to be quantitative. In order to distinguish
the detected X-ray signal diﬀracted from the nanowires from that diﬀracted from
the clusters, the following procedure was carried out. First, XRD measurements
were taken on the as-grown sample (ﬁgure 4.6.a). Then, the nanowires were me-
chanically exfoliated from the as-grown sample using adhesive tape. After this
procedure all the nanowires were found to be removed from the sample, leaving
the clusters intact (this was conﬁrmed by SEM – ﬁgures 4.6.b,d). This procedure
was carried out with the sample attached to the XRD-stage without dismounting,
in order for the X-ray beam to hit the exact same place in the following experi-
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ment. Next, XRD measurements were carried out on the very same spot on the
clusters-only sample with the same instrument settings (ﬁgure 4.6.b), allowing a
direct comparison between the as-grown sample and clusters-only sample. Fine
alignment of the XRD on the Si(111)-peak showed no tilt of the sample after
exfoliation. The diﬀractograms with the most intense reﬂection at 2  25 are
shown in ﬁgures 4.6.a,c. Finally, XRD measurements were carried out on the
adhesive tape with nanowires only (ﬁgures 4.6.e,f). In order to diﬀerentiate be-
tween the tape XRD-peaks and nanowires XRD-peaks the comparison between
the reference tape only sample with the nanowires on tape sample was carried out.
The tape has many peaks, some of them overlapping with the InAsP(111) peak at
2  25. The only InAsP peak that was not present on the tape was InAsP(220)
peak at 2  42. The comparison of the InAsP(220) peak for samples with dif-
ferent Jnorm(P) is shown in the ﬁgure 4.6.e. Due to random orientation of the
nanowires the intensity of the nanowires-only sample XRD peak is much lower
and the full width at half maximum is 1.5 times higher than those of as-grown
samples. This will aﬀect the accuracy of lattice parameter determination.
The comparison of the InAs1 xPx(111) reﬂection between clusters-only and
as-grown samples for Jnorm(P) = 5 % is given in ﬁgure 4.7. It shows that after the
nanowire exfoliation the (111) reﬂection intensity of the clusters-only sample is
reduced. This happens because the clusters are not perfectly oriented along the
Si(111) direction; some fraction of the clusters are polycrystalline (ﬁgures 4.2.c
and 4.4.b). Therefore the clusters contribute only marginally to the measure-
ment carried out on the as-grown samples. Therefore it can be assumed that
the values extracted from the as-grown samples correspond solely to the lattice
parameters of the nanowires. Another important result is that the 2 values for
the (111)-reﬂections of as-grown and clusters-only samples do not coincide. For
the sample shown, the 2 angle for the as-grown sample equals 25.37, whereas
for the clusters-only sample it is 25.42. This suggests that the clusters and nano-
wires have diﬀerent lattice constants. Similar discrepancies between clusters and
nanowires were obtained for all the samples.
X-ray diﬀractograms of the as-grown, clusters-only and nanowires-only sam-
ples grown with various Jnorm(P) are presented in ﬁgure 4.6. The increased phos-
phorus ﬂux shifts the diﬀracted angle of the (111) reﬂection to higher values in
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Figure 4.6: X-ray diﬀractograms of as-grown (a), clusters-only (c) and exfoliated
nanowires on the adhesive tape (e) samples grown with diﬀerent Jnorm(P) and the
corresponding SEM images. In a) and c) the InAs1 xPx(111) reﬂection is shown;
in e) the InAs1 xPx(220) reﬂection is shown. The scale bars in SEM images are
1 mm.
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InAsP 
Normalised P flux 18 % 
Figure 4.7: XRD data on a sample with Jnorm(P) = 18% before and after nanowire
exfoliation taken on the same region of a sample with the same instrument set-
tings: black curve – as-grown nanowires + clusters, red curve – clusters-only.
all the samples. This indicates the phosphorus incorporation into nanowires and
conﬁrms the qualitative results of the EDX experiment.
The lattice spacing between (111) planes is calculated using Bragg’s law
(equation 3.21). In order to compare results from as-grown, clusters-only and
nanowires-only samples the (111) and (220) plane spacings were recalculated into
the cubic (100) lattice constant and plotted in ﬁgure 4.8.
Figure 4.8 shows that lattice constants of all the samples decrease with increas-
ing normalised phorsphorus ﬂux. The lattice constants of the as-grown samples
are always larger than those of clusters by approximately 0.0080.002 Å. This
change in lattice constants between clusters and nanowires (clusters-only and as-
grown samples respectively) is already seen for the sample with no phosphorus
incorporation (Jnorm(P) = 0 %). One of the reasons for this lattice change is the
diﬀerence in crystal structures between nanowires and clusters (see ﬁgures 4.2.a–c
and 4.4). The work by Kriegner etal [110] conﬁrms this hypothesis by showing
that wurtzite and zincblende lattice constants of the same material (InP, InAs or
InSb) cannot be obtained by simple geometric recalculation. According to their
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Figure 4.8: Dependence of the cubic lattice parameter of InAsP nanowires and
clusters on normalised phosphorus ﬂux. Black squares: inferred from the (111)
reﬂection of the as-grown samples; red circles: inferred from the (111) reﬂection
of the clusters after the nanowires had been exfoliated; blue triangles: inferred
from the (220) reﬂection of exfoliated nanowires. Black, red and blue dotted lines
are the theoretical ﬁts according to equation 3.17 with diﬀerent = ratios for
diﬀerent samples.
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work, the unit cell parameters are dependent on the fraction of wurtzite phase in
the crystal; the lattice expands in the (111) direction and shrinks in the (220) di-
rection with increase of wurtzite content. Indeed, the lattice constant calculated
for nanowire-only samples from the (220) reﬂection (ﬁgure 4.8, blue triangles) is
smaller than that of the zincblende clusters.
Another argument in the favour of this hypothesis is that the change in lattice
constant between clusters and nanowires is approximately the same for the sam-
ples with diﬀerent Jnorm(P) . At the same time, the wurtzite content in nanowires
(obtained from examination of many HRTEM images) is approximately the same
for all the samples (table 4.2). Taking all these arguments into account, it can
be speculated that the main reason for the diﬀerence between lattice constants
of clusters and nanowires in diﬀerent directions is diﬀerent crystal structure, the
phosphorus incorporation being similar for the clusters and nanowires.
4.2.2.4 Phosphorus content in clusters and nanowires
In order to estimate the phosphorus content in the nanowires we exploit Vegard’s
law (equation 3.14). However the clusters are in the zincblende phase and the
nanowires are of mixed phase with diﬀerent lattice parameters. Hence the values
of aInAs and aInP will be diﬀerent for clusters and nanowires. However according
to Kriegner et al.[110; 111], the diﬀerence aInAs   aInP used in Vegard’s law is
similar for both wurtzite and zincblende structures and equals 0.1910.002 Å(this
error is smaller than the instrument error). Therefore we assume that the value
aInAs   aInP will be independent of the degree of hexagonality of the nanowires.
We therefore can apply Vegard’s law independently for the clusters and for the
nanowires using the same value aInAs   aInP. The extracted lattice parameters
are shown in table 4.3. P composition in the nanowires x is lower than the P
composition in the vapour during the growth Jnorm(P).
The P-content in nanowires x is calculated using equation 3.21. The best
ﬁt of equation 3.17 to the experimental results on as-grown, clusters-only and
nanowires-only samples is plotted in ﬁgure 4.8. The ratio = (the ratio of
As incorporation rate coeﬃcient to P incorporation rate coeﬃcient) is equal to
105 for diﬀerent samples. This result is of the same order of magnitude as
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Table 4.3: Dependence of P-content in nanowires and clusters on the normalised
phosphorus ﬂux in the MBE-chamber during the growth..
Normalised P ﬂux, P-content P-content P-content
Jnorm(P), % as-grown samples % clusters % exfoliated nanowires %
0 0-3 0-3 0-3
18 43 53 33
30 43 43 43
40 93 83 53
65 163 153 103
reported before: see [128] and references therein, although the mentioned works
used complex compounds based on P and As (PH3, AsH3, TBAs, TBP) whereas
in this work the sources used are As4 and P2.
For illustrative purposes the data from the table 4.3 were re-plotted to show
the P-content in the nanowires as a function of the P-content in the vapour phase
(ﬁgure 4.9). The black line represents equation 3.16 with parameter = equal
to 10.
Based on our ﬁndings and linearly interpolating between the band gap of both
InAs and InP, we can estimate the diﬀerence in band gaps between the InAs
and InAs/InAs1 xPx sections in possible future InAs/InAs1 xPx heterostructure
nanowires. For our highest achieved phosphorus content of x = 13 % this band
gap diﬀerence is approximately 130 meV. If the Fermi level in the InAs section of
the nanowire lies lower than the conduction band bottom, heterostructure could
in principle be operated at room temperature.
4.2.2.5 Photoluminescence on InAsP nanowires
Photoluminescence measurement at 4K were carried out on InAsP nanowire sam-
ples by Dr Peter Carrington (formerly at the University of Lancaster). InAs PL
spectra consist of several peaks (ﬁgure 4.10.a) – at 0.37 eV, 0.41 eV and 0.43 eV.
The 0.41 eV peak coincides with the value of bulk InAs at 4 K, which might be
attributed to the clusters. The other two peaks are higher in intensity and might
result from the unpassivated surface of the wire and from the wurtzite-zincblende
intermixing [215]. The peak at 0.37 eV is in good agreement with the emission
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Figure 4.9: Dependence of x on normalised phosphorus ﬂux, Jnorm(P), for types
of samples. Point (100, 100) is the theoretical value for InP nanowire. Black solid
line is a theoretical curve represented by equation 3.16 with = = 10.
peak reported in InAs nanowires by Möller et al. [216] where it is attributed to
quantum well related recombination in the type-II band alignment between the
wurtzite and zincblende sections.
PL measurements on InAs1 xPx are shown in ﬁgure 4.10.c. Phosphorus in-
troduction shifts the most intense peak to higher energies. The phosphorus ﬂux
dependence is shown in ﬁgure 4.10.b. The change in the peak energy after intro-
ducing 40 % and 65 % of phosphorus in the growth chamber is 50 meV and 115
meV, respectively. These values are in close proximity to the values derived from
XRD measurements on the InAs1 xPx nanowires (blue circles in ﬁgure 4.10.b).
4.2.3 Conclusion
In summary, InAs and InAs1 xPx nanowires were successfully grown self-catalytic-
ally on Si (111) substrate by solid source MBE. Nanowires grow vertically together
with clusters on the Si. Nanowires are 2–5 mm long and 50–100 nm thick. HRTEM
was used to investigate the defect structure of the grown nanowires. The nano-
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Figure 4.10: PL on InAsP nanowire samples at 4 K. (a) PL spectrum on InAs
nanowire showing bulk InAs peak at this temperature; (b) red squares – nor-
malised phosphorus ﬂux dependence of the highest PL peak energy position, blue
dots – normalised phosphorus ﬂux dependence of the band gap energy shift based
on the estimation of phosphorus content from XRD; (c) PL spectra on InAs1 xPx
with Jnorm(P) =0 %, 40 %, 65 %.
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wires appear to be of mixed wurtzite and zincblende structure with high density
of planar defects (twin-boundaries and polytype boundaries). Clusters are poly-
crystalline zincblende.
XRD was used to measure the phosphorus content x in InAs1 xPx nanowires.
This reaches 0.100.03 for the sample grown with largest phosphorus fraction
ﬂux. The incorporation rate of As was found to be 10 times higher than that
of P. Low temperature photoluminescence was used to measure possible band
gap shift due to phosphorus incorporation in InAs1 xPx nanowires. The band
gap shifts towards higher energies by approximately 110 meV for nanowires with
highest phosphorus content. As far as we know this is the ﬁrst report of MBE
self-catalysed growth of InAsP nanowires.
4.3 InAsSb nanowires
InAs can be doped by antimony in order to reduce the energy gap and to increase
the carrier mobility. Moreover, InSb nanowires are known to crystallise in the
zincblende phase, as opposed to the predominantly wurtzite phase in the case of
InAs nanowires [102].
A study of InAs1 xSbx nanowires with varying x is shown in this section.
Most of the analysis was performed by my colleague Dr Marion Sourribes and
reported in [189]. I carried out TEM and PL analysis for this work.
4.3.1 Nanowire growth
The nanowires were grown and characterised by using the same method as was
used for InAsP growth (page 102). Nanowires were grown by Dr Marina Panﬁlova
and Prof Huiyun Liu. The Sb normalised ﬂux Jnorm(Sb) = J(Sb)=(J(Sb)+J(As))
was varied from 0 to 1.5 %. Figure 4.11.a shows an SEM image of the resulting
nanowires. The diameter of the wires varies from 60 to 200 nm and the length
from 1.3 to 4.5 mm.
The antimony content was extracted from XRD measurements of the c-axis
lattice parameter using Vegard’s law (equation 3.14, measured by Dr Marina
Panﬁlova). The dependence of the Sb content in as-grown samples on the Sb
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Figure 4.11: InAsSb nanowire growth. (a) SEM image of the InAsSb nanowire
sample with 15 % Sb content; (b) dependence of the lattice parameter and of the
inferred Sb content in as-grown samples on the Sb content in the vapour phase
(or Sb normalised ﬂux Jnorm(Sb)). Measurement and analysis performed by Dr
Marina Panﬁlova.
normalised ﬂux is shown in ﬁgure 4.11.b. It was possible to achieve a maximum
Sb content of 15 %, with further increase in Sb normalised ﬂux resulting in
continuous ﬁlm formation with no wire growth.
As was shown in ﬁgure 4.2 on page 101, InAs nanowires consist mainly of
the wurtzite phase with a high density of stacking faults, twin boundaries and
phase boundaries. The transmission electron microscopy of InAsSb nanowires
(ﬁgure 4.12.a,b) reveals that InAsSb nanowires consist mostly of zincblende seg-
ments with stacking faults and twin boundaries. Letters “G”, “I” and “T” in
the image indicate grain boundaries, stacking faults and twin boundaries respec-
tively. Figure 4.12.c shows the Sb content dependence of the fraction of the cubic
zincblende phase in the nanowire (or “cubicity”, as opposed to “hexagonality”, the
fraction of hexagonal phase in the nanowire) and the Sb content dependence of
the stacking fault density. From these ﬁgures it is clear that introduction of Sb
dramatically increases the cubicity and decreases the stacking fault density.
4.3.2 Photoluminescence
The photoluminescence measurements at 4 K have been carried out on InAsSb
nanowire samples by Dr Peter Carrington. Figure 4.13.a shows the PL spectra
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Figure 4.12: (a,b) HRTEM images of the InAs1 xSbx nanowires with x = 3:9 %
and x = 15:4 % respectively; (c) Sb content dependence of the fraction of
zincblende structure (or cubicity) and the stacking fault density. Defect anal-
ysis was performed by Dr Marion Sourribes.
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of the as-grown InAsSb samples. The sharp drop at 0.29 eV is due to CO2
absorption. The InAs1 xSbx sample spectra do not have any additional higher
energy peaks unlike the InAs sample. This may be due to the absence of the
wurtzite phase in InAs1 xSbx samples (TEM in ﬁgure 4.12.a,b).
The PL peak moves to lower energies when adding Sb into the InAs nanowires,
as is expected from the smaller band gap of InSb material [217]. The band gap
width of a ternary InAs1 xSbx material can be written as:
Eg;InAsSb = xEg;InSb + (1   x)Eg;InAs   Cx(1   x); (4.1)
where x is the Sb content and C the bowing parameter. InAsSb nanowires
have only one peak corresponding to the predominantly zincblende structure (ﬁg-
ure 4.12.c). As was shown in the previous section (page 114), the PL spectra of
the as-grown InAs sample consist of several peaks corresponding to the zincblende
cluster luminescence, wurtzite-zincblende quantum well luminescence and others.
Therefore, it is diﬃcult to analyse the Sb-content dependence of the PL data
considering only the highest PL peak positions. Assuming that the 0.41 eV peak
in the InAs sample spectrum corresponds to the zincblende phase luminescence,
and regarding the InAs1 xSbx samples with x = 8 % and 15 % as being en-
tirely zincblende, we have plotted the Sb content x dependence of the zincblende
InAs1 xSbx PL peak position (ﬁgure 4.13.b). The dashed red curve shows the
least squares ﬁt to the experimental data of the equation 4.1 with C = 0.65 eV.
InAs and InSb band gap energies at 4 K were taken to be 0.4170 eV and 0.2350 eV,
respectively [217]. The value of the bowing parameter coincides with the reported
values [218; 219]. The large error in the ﬁt may be related to the uncertainty due
to the zincblende and wurtzite phases.
4.3.3 Electrical measurement
Electrical measurements were performed by Dr Marion Sourribes. In order to
study the electrical properties of InAs1 xSbx nanowires, ﬁeld eﬀect transistors
were fabricated (procedure as described in section 3.5.1, ﬁgure 4.14.a). The carrier
concentration and carrier mobility were inferred from room temperature FET
measurements using equation 3.39 (the sample transfer characteristic is shown
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Figure 4.13: Photoluminescence of the InAsSb nanowire samples at 4 K. (a)
PL spectra of the as-grown samples; (b) Sb content dependence of the cubic
InAsSb peak, dashed red line shows the best ﬁt to the equation 4.1 with a bowing
parameter C = 0.65.
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in ﬁgure 4.14.b). Mobility and carrier concentration were correlated with the Sb
content, cubicity and stacking fault density. The carrier concentration did not
show any systematic dependence on Sb-content or defect density. However, the
carrier mobility shows a drastic improvement after Sb incorporation.
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Figure 4.14: InAsSb nanowire electrical measurements. (a) SEM image of an
InAsSb nanowire FET, (b) sample nanowire ﬁeld eﬀect transfer curve with dif-
ferent drain source voltages; the Sb-content dependence (c), cubicity dependence
(d) and stacking fault density (e) dependence of the average carrier mobility in
InAsSb nanowires. Courtesy of Dr Marion Sourribes.
Figures 4.14.c-e show the Sb-content dependence of the carrier mobility and
concentration. The graphs show that mobility increases with increasing Sb con-
tent and cubicity, and with decreasing stacking fault density.
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It may be noted that, in general, InSb material has a higher mobility than
InAs. Thus Sb incorporation into InAs may increase the nanowire mobility due to
the intrinsic properties of the crystalline material. However, the mobilities of bulk
InAs and InSb (40,000 cm2/(Vs) and 77,000 cm2/(Vs) respectively [220]) are two
orders of magnitude higher than those measured here (up to 1,500 cm2/(Vs)),
thus making it unlikely for the Sb-dependent intrinsic properties of the materials
to aﬀect the mobility.
Figure 4.14.b shows that when cubicity increases from 20 to 60 %, mobility
does not change. Therefore, cubicity cannot be the reason for mobility enhance-
ment. Figure 4.14.c shows an almost linear dependence of the mobility on the
stacking fault density. Taking into account all the outlined reasoning, we can
state that the change in mobility is dominated by the stacking fault density.
4.3.4 Conclusion
In summary, InAs1 xSbx nanowires were successfully grown self-catalytically on
Si (111) substrate by solid source MBE. Samples were studied by SEM, TEM,
XRD, PL and electrical measurements. Up to 15 % of Sb was incorporated
into the nanowires. PL measurements showed that the band gap variation of
InAs1 xSbx ternary nanowires has a bowing parameter of 0.65.
Sb-incorporation aﬀects the crystal phase of nanowires, making them cubic
zincblende with a lower stacking fault density. Electrical measurements showed
that the reduction of stacking faults in nanowires due to Sb incorporation in-
creases the carrier mobility. This leads to the possibility of fully controlling
polytypism and electrical transport properties in self-catalysed InAs-based nano-
wires.
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122Chapter 5
ZnO-based nanowires. Growth
This chapter describes experimental results on the catalyst assisted molecular
beam epitaxy growth of ZnO nanowires. The ﬁrst section gives details on the
gold catalyst formation. The next section describes optimisation of ZnO nanowire
growth on diﬀerent substrates. In the later sections incorporation of Mg into ZnO
nanowires is investigated and core-shell heterostructure nanowires are grown and
studied.
5.1 Gold catalyst preparation
Three diﬀerent procedures were utilised to prepare gold nanodots: gold colloids
with diameter 50 nm have been deposited on the substrate, gold thin ﬁlm was an-
nealed to form gold particles, and electron beam lithography was utilised. Details
on the these processes are outlined in this section.
5.1.1 Gold ﬁlm on silicon annealing
In order to prepare gold catalysts a gold layer of thickness 2 to 3 nm was thermally
evaporated on a silicon substrate. The substrate was transferred into an MBE
chamber and annealed in vacuum at temperatures between 500 and 900 C. This
procedure made gold atoms migrate over the surface and form gold particles with
sizes that depend on annealing temperature. The results of the annealing are
presented in ﬁgure 5.1. The dependence of the mean radius of the Au particles
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(a) No anneal  (b) 10 min 600 °C 
(c) 10 min 600 °C 
(e) 10 min 700 °C 
(g) 5 min 800 °C 
(d) 10 min 700 °C 
(f) 5 min 800 °C 
(h) 30 min 900 °C 
200 nm  2 m 
Figure 5.1: Gold on silicon. SEM images of the gold thin ﬁlm annealed at diﬀerent
temperatures. Scale bar in the left column is 200 nm, in the right column 2 mm.
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on the annealing temperature is presented in ﬁgure 5.2. The images indicate that
the particles’ radii grow approximately exponentially with temperature. At tem-
peratures 700 C and higher gold-silicon eutectics start forming (darker shaded
grey particles in ﬁgure 5.1.e). It will be shown in the following sections, that the
gold-silicon eutectics inhibit the nucleation of ZnO nanowires.
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Figure 5.2: Gold on silicon. Dependence of average gold particle diameter on the
annealing temperature.
5.1.2 Gold ﬁlm on sapphire annealing
The same procedure was utilised to prepare gold nanoparticles on sapphire. The
eﬀect of annealing was diﬀerent from that observed on gold ﬁlms on silicon (ﬁg-
ure 5.3). Gold doesn’t form a eutectic with sapphire at temperatures used in this
work and large gold particles are formed not as easily as those on silicon. 800 C
annealing of a 1 nm thick ﬁlm for 5 minutes or for 40 minutes results in similar
average sizes of particles of 14 nm. The eﬀect of gold ﬁlm thickness is depicted
in ﬁgure 5.3.b. After 800 C annealing, a gold ﬁlm of 2.6 nm thickness results in
an average particle size of 40 nm, which is approximately 3 times larger than the
result for a 1 nm thick gold ﬁlm. Films of thickness ranging from 2.6 to 3 nm
were used for nanowire growth.
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Figure 5.3: Gold on sapphire. Dependence of average gold particle radius (a) on
the annealing time for 1 nm thick gold ﬁlm and (b) on the gold ﬁlm thickness for
samples annealed at 800 C.
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5.2 ZnO nanowires grown on Si
The choice of a substrate for vacuum crystal growth should be regarded carefully
due to the interaction between atoms and surface where they ﬁrst move and
then attach to form a crystal. Si was taken as the ﬁrst substrate to study the
ZnO growth, because it is cheap, very ﬂat and high quality material with low
level of defects. Whereas Si may form deep electronic levels in ZnO, it was used
successfully as a ZnO growth substrate by various groups. [83; 221]
5.2.1 One-step growth
ZnO was grown on a Si substrate with an approximately 2–4 nm thick native
oxide (measured by optical ellipsometry). Gold nanoparticles were deposited
onto the substrate as described in the previous section. The temperature of the
growth was varied from 350 to 900 C. The oxygen ﬂux was ﬁxed at 2 sccm
which led to a beam equivalent pressure of (20.2)10 5 Torr. Temperature of
the Zn cell was varied from 370 to 430 C, which resulted in a beam equivalent
pressure ranging from 710 8 to 210 6 Torr. The time of growth was ﬁxed at
45 minutes. Scanning electron micrographs of the grown samples are presented
in ﬁgures 5.4 and 5.5.
Figure 5.4 shows representative ZnO structures grown by MBE on Si sub-
strates at temperatures from 450 to 900 C with ﬁxed BEP(Zn) = 2–310 7
Torr. Here the gold nanoparticles are distributed on the substrate with compar-
atively low density (less than 5 mm 2); both colloidal gold and EBL patterned
gold are used. At temperatures under 600 C (ﬁgure 5.4.a–c) ZnO grows both on
the gold and the silicon, forming a grainy polycrystalline ﬁlm. At temperatures
of 600 C (ﬁgure 5.4.d) no ZnO grows on Si, whereas elongated ZnO clusters
grow on the gold sites. No gold dots are observed on top of the clusters. At
700 C (ﬁgure 5.4.e) some tapered nanowires with gold droplets on top appear.
At 750 C (ﬁgure 5.4.f) more nanowires grow on gold sites with various lengths
ranging from 0.2 to 1.5 mm. At temperatures higher than 800 C (ﬁgure 5.4.h)
native silicon oxide starts to evaporate bringing gold into direct contact with sil-
icon. This results in the formation of a Si-Au eutectic alloy before the start of
the ZnO growth. No ZnO growth is observed at temperatures over 800 C. By
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(a) 350 °C, Au-colloid  (b) 450 °C, Au-colloid 
(c) 520 °C, Au-colloid  (d) 600 °C, Au-colloid 
(e) 700 °C, Au-colloid  (f) 750 °C, EBL Au 
(g) 800 °C, Au-colloid  (h) 900 °C, Au-colloid 
Figure 5.4: ZnO samples grown on Si substrate with low density of Au particles
at diﬀerent temperatures. Scale bars are 1 mm. The growth temperatures and
type of catalysts are indicated.
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(a) 350 °C, Au-film  (b) 450 °C, Au-film 
(c) 600 °C, Au-film  (d) 750 °C, Au-film 
(e) 800 °C, Au-film  (f) 900 °C, Au-film 
Figure 5.5: ZnO samples grown on Si with thin Au ﬁlm at diﬀerent temperatures.
Scale bars are 0.5 mm. The growrh temperatures are indicated.
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repeating these experiments with diﬀerent Zn ﬂuxes the nanowire growth window
is established: the nanowires grow at temperatures from 700 to 800 C and at Zn
beam-equivalent pressures from 110 7 to 510 7 Torr (ﬁgure 5.4.f).
For ZnO growth on the thin Au-ﬁlm, control over the gold particle size is
needed. It was established that if sample temperature is raised fast enough (50
degrees per minute) and growth is initiated immediately after reaching the growth
temperature, gold particles do not agglomerate into bigger particles than those
in ﬁgure 5.1.c.
Figures 5.5 shows the images of the samples grown on Si with annealed thin
Au ﬁlm at diﬀerent temperatures with ﬁxed BEPZn = 2–310 7 Torr. The sam-
ples grown at temperatures 350–450 C (ﬁgures 5.5.a,b) result in similar ﬁlms
as samples with colloidal gold (ﬁgures 5.4 a,b). At temperatures of 600 C and
higher (ﬁgures 5.5.c–e) some of the crystallites become more elongated in one di-
rection. Because of the small separation between gold dots, the ZnO crystallites
that grow in the horizontal direction merge and form ZnO ﬁlm. The growth at
temperature of 750 C and zinc pressure 310 7 Torr (ﬁgure 5.5.d) result in the
ﬁlm with thin vertical nanowires with density of 3–4 mm 2, length up to 500 nm
and diameter 30–50 nm. At higher temperatures the nanowires become longer
(800 C, ﬁgure 5.5.e). At the same time the Si oxide starts to evaporate leading to
direct contact between Si and gold. At these temperatures Si-Au eutectics rapidly
start forming, which changes the physical parameters of the catalyst droplet and
hinders ZnO growth. At the temperatures higher than 800 C (ﬁgure 5.5.f) no
ZnO growth is observed, with silicon seeming to be etched by gold.
(a) BEPZn = 10-6 Torr  (b) BEPZn = 3·10-7 Torr  (c) BEPZn = 5·10-8 Torr 
Figure 5.6: ZnO samples grown on Si with thin Au ﬁlm with diﬀerent Zn beam
equivalent pressures at ﬁxed temperature 750 C. Scale bars are 0.5 mm.
Figure 5.6 shows the images of the samples grown on Si with Au ﬁlm with
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diﬀerent BEPs of Zn at ﬁxed temperature 750 C. Only at BEPZn = 310 7 Torr
is the growth of ZnO nanowires observed.
All the SEM observations are compiled into the visual growth map in ﬁg-
ure 5.7. Growth of the best ZnO nanowires (the longest, the straightest and with
the highest density) is observed at growth temperature of approximately 750 C
with BEPZn between 2 and 410 7 Torr.
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Figure 5.7: Phase map of ZnO Au-catalysed growth on silicon.
5.2.2 One-step growth. Discussion
In order to better understand the MBE growth features of ZnO on silicon with
a gold catalyst, careful analysis of the SEM images in ﬁgures 5.4, 5.5 and 5.6
was carried out. Three important characteristics for the growth at these Zn
pressures and temperatures were inferred: the rate of growth of ZnO ﬁlm on the
silicon without gold RSi; the yield of the nanowires (i.e. the fraction of gold
nanodots that would result in nanowire growth) Yn; and the variable opposite
to the degree of tapering of the nanowires – we call this function “parallelity”
and it is described by the formula Pn = dtop=dbase, where dbase and dtop are the
diameters of the nanowire at the base and the top respectively. This function is
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equal to 1 when the nanowire walls are parallel. The dependences of these three
parameters RSi (blue squares), Yn (red circles) and Pn (black triangles) on growth
temperature are presented in ﬁgure 5.8.
350 400 450 500 550 600 650 700 750 800 850 900
0
20
40
60
80
100
 
Y
i
e
l
d
 
a
n
d
 
p
a
r
a
l
l
e
l
i
t
y
,
 
%
ZnO growth rate on Si, R
Si, nm/min
Yield of the gold nanodots, Y
n, %
Parallelity of the nanowires, P
n, %
T, 
oC
0
2
4
6
8
10
12
G
r
o
w
t
h
 
r
a
t
e
 
o
n
 
S
i
,
 
n
m
/
m
i
n
Figure 5.8: Characteristic variables for nanowire growth on silicon substrate and
their dependence on temperature.
The growth rate of ZnO on silicon without gold catalyst decreases with in-
creasing temperature (ﬁgure 5.8, blue squares). Fitting the curve of growth rate
to the equation 3.5 we get the diﬀerence between desorption and adsorption acti-
vation energies Ed  Ea which is approximately 1 eV, and the ratio of desorption
and adsorption frequency factors which is approximately 106. At low tempera-
tures (below 450 C) RHEED images of the growth are similar at any angle and
thus show that ZnO grows on Si textured in the (0001) direction (ﬁgure 5.9.a). At
higher temperatures ZnO grows as a random polycrystalline ﬁlm with no texture
(ﬁgure 5.9.b).
The tapering of the wires indicates the presence of growth on both the Au-ZnO
interface and the ZnO nanowire sidewalls. The tapering is a result of competing
processes: diﬀusion and adsorption and desorption of Zn/O atoms to and from
the sidewalls. The parallelity increases with temperature (ﬁgure 5.8, red squares)
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(b)  (a) 
Figure 5.9: Growth of ZnO ﬁlm on silicon. (a) RHEED image of the ﬁlm grown
at 350 C; (b) RHEED image of the ﬁlm grown at 450 C.
indicating an increase of the desorption or/and decrease in adsorption. Although
precise quantitative analysis on tapering of nanowires is not possible due to a
very wide scatter of nanowire diameters and lengths, very rough estimates of
the axial and radial growth rates can be made. Assuming the average length of
the nanowires and clusters l to be 1 micron and the average diameter of the gold
catalyst dAu to be 50 nm, ratio of the growth rates in radial and in axial directions
Rradial and Raxial is equal to Rradial=Raxial = dAu(1=Pn   1)=2l. At temperatures
600 C, 700 C and 800 C the ratio Rradial=Raxial is equal to 0.5, 0.1 and 0.01,
respectively. Taking length of the wires 1 micron, growth time 45 minutes, the
radial ZnO growth rate at 600 C is approximately 10 nm per minute. The yield
of the nanowires increases with temperature (ﬁgure 5.8, black squares).
The best nanowires for electronic applications would be nanowires longer than
1 mm in order to allow multiple contacts prepared by electron beam lithography,
not tapered (in order to produce perfect one-dimensional heterostructures), and
the highest possible yield of gold nanodots – these features represent the growth
“quality” of the nanowires. In ﬁgure 5.8 when extrapolated to higher tempera-
tures, both yield and parallelity (red circles and black triangles) would approach
unity at temperatures higher than 850 C. However the formation of the Au-Si al-
loy prevents growth at temperatures higher than 800 C. In order to overcome this
obstacle a two-step procedure was devised and implemented, which is described
in the next section.
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5.2.3 Two-step growth
In order to improve the nanowire growth “quality”, the ﬁrst minutes of ZnO
growth on Si with Au ﬁlms were investigated. As it is shown in ﬁgure 5.10, after
5 and 10 minutes at 750 C ZnO seeds are formed between the gold droplets and
the silicon substrate, and ZnO crystals with diﬀerent orientation start forming.
After 20 minutes the ZnO crystals which are not perpendicular to the substrate
coalesce and form a polycrystalline ﬁlm.
In order to reduce gold-silicon eutectic formation, a protective layer between
the gold and the silicon is required, this can be achieved by a relatively long
growth time at low temperature. On the other hand, in order to increase the
growth yield it is required to leave the largest possible gold droplet density on
the surface of the ZnO ﬁlm. It was determined that 10-minute low-temperature
growth is the best compromise.
(c) 20 min  (a) 5 min   (b) 10 min 
Gold 
droplets 
ZnO 
nucleation  Gold droplets 
ZnO nanowire stems 
ZnO 
nanowires 
Merging ZnO film 
Figure 5.10: Initial stages of the growth. SEM images after (a) 5 minutes, (b) 10
minutes, (c) 20 minutes of growth. Scale bars are 200 nm.
After the ﬁrst 10 minute step at 750 C, the temperature was lifted up to
840 C and the growth of nanowires was carried out for another 45 minutes at
the same Zn and O vapour conditions. Results are presented in ﬁgures 5.11. The
length of the nanowires ranges from 300 nm to 1.5 mm. The diameter ranges
from 20 to 150 nm. The density of the nanowires is more than 100 per mm2.
The density of the 1 mm long nanowires is about 1 per mm2. The nanowire walls
are much more parallel than for growth runs at lower temperatures. In other
words, nanowires grown by two-step technique are much more suitable for future
electronic applications.
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(c) 
(a)  (b) 
Figure 5.11: Comparison between nanowires grown via one-step (a) and two-step
(b,c) procedures. Scale bars are 0.5 mm. Growth was carried out for (b) 45
minutes and (c) 120 minutes.
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When continuing growth for a longer time period (120 minutes, ﬁgure 5.11.c)
the mean nanowire length increases by a factor of approximately 2, with some
nanowires reaching 3–5 mm. However at the same time the thickness of the wires
increases and some of them become tapered. This may happen because the surface
diﬀusion length of atoms is comparable to the length of the wire and when the
wires become longer, the tapering becomes more visible; or because at the top of
the wire the temperature is lower due to poor thermal conductivity of the wire,
and at lower temperatures the surface diﬀusion length of atoms is shorter.
In order to investigate the dependence of the nanowire “quality” on the dis-
tance between the nanowires and on the dimensions of the gold droplet, the
sample with EBL patterned gold droplets was fabricated.
5.2.4 Two-step growth. EBL patterning
As is seen in ﬁgures 5.12.a,b the 2-step method gives much more uniform results
with higher yield and more parallel side-walls in comparison with one-step growth
on an EBL-patterned substrate. Moreover, the images show that a gold dot
deﬁnes the diameter of the nanowire. The detailed dependence of yield and
nanowire length on the distance between the wires is presented in ﬁgure 5.13.
The dependence of the nanowire length (ﬁgure 5.13.a) on the distance between
the nanowires can be ﬁtted with equation 3.11. From this ﬁt (red and black
dashed lines in the ﬁgure 5.13.a), we obtain that the diﬀusion length of the Zn
and O atoms on Si at 850 C is approximately equal to 0.11 mm, and that the
lifetime of atoms on Si, i.e. the time before atoms desorb from the Si surface, at
this temperature is 210 10 sec.
Figure 5.13.b shows that Au dots with a smaller diameter produce more nano-
wires, but no clear dependence of the yield on the distance between the dots is
observed.
ZnO nanowire growth was carried out on Si with gold catalyst by both one-
step and two-step methods. Although ZnO nanowire two-step growth on Si gives
better results than one-step growth, it strongly depends on small variations in
native silicon oxide thickness and desorption velocity. This becomes an obstacle
for repeatable growth and further development of nanowire devices. That is why
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(a)  (b) 
(d)  (c) 
Figure 5.12: ZnO nanowires grown using EBL patterned gold catalysts. (a) one-
step procedure; (b)-(d) two-step procedure; for images (b,c,d) the dot separations
are 0.5, 0.5 and 1 mm, and the dot radii are 40, 90 and 40 nm respectively. Scale
bars are 0.5 mm.
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Figure 5.13: Dependence of the nanowire length (a) and nanowire yield (b) on
the distance between the wires, the theoretical ﬁt of the data from equation 3.11.
we have explored the possibility of ZnO nanowire growth on diﬀerent substrates.
5.3 ZnO nanowires grown on sapphire
5.3.1 Growth phase map
As ﬁgure 5.8 shows, the desired nanowire properties (“quality” or length, paral-
lelity and yield) get better with increasing temperature. The unstable formation
of Si-Au eutectics gives poor control over nanowire morphology. Hence we have
investigated nanowire growth on Al2O3 (0001) substrate. Sapphire has an oxide
layer, which will bind with oxygen in ZnO and not form a eutectic with gold at
growth temperatures. Moreover, it is known that growth on sapphire gives higher
quality ZnO thin ﬁlms than growth on Si [20].
During growth the oxygen BEP was kept ﬁxed at 2 sccm, whereas the sub-
strate temperature and the zinc BEP were changing. Figure 5.14 shows a repre-
sentative SEM image of a sample grown for 1 hour at 800 C with Zn BEP equal
to 1.510 7 Torr. Both ﬁlm and nanowires of various lengths and diameters are
seen in the micrograph. The number of nanowires with length larger than 0.5
microns was taken as a representative measure of the growth quality. (It is worth
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noting again, that “quality” in this case means the applicability for further device
fabrication – i.e. appropriate length for multiple contact patterning, absence of
tapering and density of the nanowires.) The nanowire growth map is given in
ﬁgure 5.15. The color represent nanowire density measured on the sample with
speciﬁc temperature and BEPZn. Only nanowires longer than 0.5 mm were taken
into account. The largest nanowire density is observed at temperatures around
760 C and a zinc BEP of 310 7 Torr. These parameters coincide with those
obtained for ZnO nanowires grown on Si substrates.
(a)  (b) 
Figure 5.14: SEM images of ZnO nanowires grown on sapphire: a) Growth
temperature 800 C, BEPZn = 1:5 7 Torr; b) growth tempeatures 750 C;
BEPZn = 2:9 7 Torr. Scale bars are 500 nm.
The time scalability of the growth was tested on the nanowire sample grown
at 750 C. A sample grown for twice as long (2 hours) is shown in ﬁgure 5.16.
The density of nanowires of length larger than 1 mm is more than 2 mm2. The
diameter of the nanowires ranges from 50 to 150 nm, with longer nanowires being
thinner.
Nanowire growth has been attempted on the EBL patterned gold nanoparti-
cles. However, due to simultaneous ZnO growth on gold and on sapphire and the
low yield of gold nanoparticles, no coherent study could be made on this sample.
Nanowire growth on sapphire gives reproducible results. Although the yield of
nanowire growth is very low (below 1 %), the number of gold nanodots is so high
that the number of nanowires produced on one 1010 mm sapphire substrate is
high enough (100 millions) for further study of single nanowires and electronic
devices fabrication. The attempt to improve control over the nanowire growth
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Figure 5.15: Growth phase map of ZnO nanowires grown on sapphire. Nanowires
included in this plot were nanowires longer than 0.5 mm. The colours represent
density of nanowires in mm 2.
(a)  (b) 
Figure 5.16: SEM images of ZnO nanowires grown on sapphire at 750 C and
BEPZn = 2:9  10 7 Torr for 2 hours. a) top view; b) 45 view. Scale bars are
1 mm.
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direction was made by growing nanowires on textured ZnO substrates. It is
presented in the following subsection.
5.4 ZnO nanowires grown on ZnO
In order to improve the orientation and yield of growth, ZnO nanowires were
grown on polycrystalline ZnO thin-ﬁlm substrates with preferred (0001) orienta-
tion. High quality bulk ZnO substrates are rare and more expensive than Al2O3
or Si. Thus ZnO thin ﬁlm with preferential c-orientation were grown on Si at 300
C (see section 5.2.1) and annealed at 900 C to increase the smoothness of the
ﬁlm (ﬁgure 5.17).
(a)  (b) 
(d)  (c) 
Figure 5.17: SEM images of ZnO ﬁlm on silicon: (a,b) as-grown ZnO ﬁlm on
silicon at 350 C (top view, and 45 degrees view, respectively), (c,d) same ZnO
ﬁlm annealed at 900 C (top view and 45 degrees view, respectively). Scale bars
are 500 nm.
A 3 nm gold thin ﬁlm was evaporated ex-situ on this ZnO ﬁlm. Samples were
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grown at temperatures of 750, 850 and 875 C. Results are shown in ﬁgure 5.18.
(a) 875 °C  (b) 850 °C 
(d) 750 °C  (c) 750 °C 
Figure 5.18: Nanowires grown on ZnO (a) at 875 C, (b) 850C and (c) 750 C,
scale bars 1 mm and (d) at 750 C, scale bar is 200 nm.
High density vertical nanorod growth is observed at 750 C. They are about
50 nm in diameter and up to 500 nm in length. At this temperature a ZnO ﬁlm
grows at a high rate together with the nanowires, so it was impossible to grow
nanowires with length much larger than those shown in the ﬁgure 5.18.d.
In summary to this section, ZnO nanowires have been grown on silicon, sap-
phire and ZnO substrates by plasma assisted molecular beam epitaxy. Morphol-
ogy studies by scanning electron microscopy revealed nanowires of diameters 20 to
200 nm and lengths up to 5 microns. Study on structural properties of nanowires
is presented in the next section.
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5.5 Structural and optical properties of ZnO nano-
wires
The structure of ZnO nanowires was studied using high resolution transmission
electron microscopy. TEM measurements were performed by Dr John Hutchison
(University of Oxford), Dr Vaso Tileli (Imperial College London) and myself.
No diﬀerence between one-step grown and two-step grown nanowires, between
nanowires grown on Si and nanowires grown on sapphire has been observed.
The HRTEM images (ﬁgure 5.19) showed that the nanowires are single phase
wurtzite structures with no observable structural defects. The nanowires grow
predominantly along the (0001) direction. The distance between lattice fringes is
2.6 Å, which is in good agreement with literature data on the c-lattice constant
[222]. A polycrystalline gold nanoparticle is observed on top of the nanowires.
Gold 
Gold 
(0001) 
(0001) 
10 nm 
(a)  (b) 
Figure 5.19: HRTEM images of typical ZnO nanowires, insets show FFTs of the
images.
The PL spectra of the nanowires were measured by Cristian Mietze and Prof
Donat As (University of Paderborn). Spectra were collected at diﬀerent temper-
atures and are presented in ﬁgure 5.20. Two regions can be distinguished in the
spectra: one at 3.3 eV which consists of narrow peaks related to band-to-band
recombination and recombination between shallow donors, shallow acceptors and
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conduction and valence bands; and another broad peak at 2–2.5 eV which is usu-
ally called the “green band” and is related to levels located deep in the band
gap and is attributed to oxygen vacancies and copper impurities [182; 223]. The
room temperature PL spectra show that the deep level green band is more than
2 orders of magnitude lower in intensity than the band edge emission peak. The
prevalence of the band edge emission demonstrates that the density of deep levels
is low, which indicates the good quality of the ZnO samples.
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or FX-2LO 
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Figure 5.20: PL spectra of the as-grown ZnO nanowire samples. full spectra at
diﬀerent temperatures, origins of the band-edge emission ﬁne-structure at diﬀer-
ent temperatures, inset: temperature dependence of the free exciton peak energy
position.
The low temperature PL spectra in ﬁgure 5.20 show the ﬁne structure of
band edge emission. Origin of these peaks is evaluated from comparison with
literature data on ZnO ﬁlms and nanowires [21; 224; 225]. The observed peaks
are the ground state free exciton at 3.383 eV (FXn=1), free exciton in the ﬁrst
excited state at 3.46 eV (FXn=2), two-electron satellite (TES) transition or LO-
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phonon replica of FX at 3.32 eV and other LO-phonon replicas at 3.25 eV and 3.18
eV. The FWHM of the free exciton peak is as small as 22 meV at temperature
13 K. Other reports revealed donor-bound excitons [224; 226], although they are
not visible in the present spectra due to the resolution of the detector which is
0.5 nm (or approximately 4–6 meV at these energies).
Inset in the ﬁgure 5.20 shows temperature dependence of the free exciton (FX)
PL energy peak position. The FX curve follows the Varshni law (equation 3.22).
The best ﬁt of the Varshni formula gives Varshni coeﬃcients  = (6:40:5)10 4
eV/K and  =  1050  30 K, which are close to the reported values [224].
The zero temperature energy of the free exciton peak, 3.383 eV is by 4 6 meV
higher than those observed in the literature [224; 226]. This may be due to the
resolution of the detector used or due to the quantum size eﬀect of the nanowires
or nanocrystalline thin ﬁlm.
Table 5.1: MBE grown ZnMgO samples, Mg beam equivalent pressure and frac-
tional Mg ﬂux.
PMg(Torr) normalised Mg ﬂux, Jnorm(Mg), %
0 0
4:5  10 9 3
7  10 9 7
1:8  10 8 15
4  10 8 29
7:6  10 8 43
1  10 7 54
In conclusion, highly crystalline nanowires have been grown on silicon, sap-
phire and ZnO.
5.6 Ternary compound ZnO-based nanowires. Zn-
MgO nanowires
One of the main aims of using molecular beam epitaxy equipment for growing
ZnO nanowires is the manufacturing of abrupt heterostructures. In order to
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prepare heterostructures, the incorporation of foreign elements into ZnO should
be studied ﬁrst. Mg can enlarge the band gap of ZnO. This helps fabricating
barriers for electrons in semiconductors, which can lead to the formation of a
high mobility channel, or a 2DEG, to the manufacturing of quantum cascade
diodes, single electron transistors, lasers etc. Therefore we have carried out a
study of Mg incorporation into ZnO, which is presented in this section.
ZnMgO nanowires were grown at 750 C and zinc BEP of 310 7 Torr both
on silicon and on sapphire. The details on the magnesium BEP and normalised
ﬂux Jnorm(Mg) calculated using equation 3.13 are presented in table 5.1.
5.6.1 Morphology and microstructure
SEM images of ZnMgO nanowires grown on sapphire are shown in ﬁgure 5.21.
The morphology of the samples is similar at all the Mg ﬂuxes except at the highest
Mg ﬂux of 54 %, where only short very thin nanowires and a thick ﬁlm are seen.
The density of nanowires of length below and above 0.5 micron is plotted as a
function of Mg ﬂux in ﬁgure 5.21.d. The density of nanowires decreases with
increasing Mg ﬂux. Dynamics of Mg atoms, which are diﬀerent from that of
Zn, alter the growth behaviour and reduce the number of nanowires at these
temperatures and BEP conditions.
HRTEM investigation of the samples with normalised Mg ﬂux below 20 %
shows that they are single crystal hexagonal phase nanowires indistinguishable
from those with no Mg (ﬁgure 5.22).
5.6.2 Mg incorporation
Mg incorporation was studied by EDX, PL, XRD and XPS. EDX spectra obtained
on isolated Zn1 xMgxO nanowires are shown in ﬁgure 5.23. The inset shows the
larger area EDX spectrum with Zn, O, Mg and Au signals. The presence of a Mg
signal proves the incorporation of Mg into nanowires. Moreover the Mg signal
increases with higher Mg ﬂux. A more quantitative description is hindered by
the non-trivial nanowire geometry and the absence of pure MgO nanowires for
calibration.
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Figure 5.21: SEM images of ZnMgO grown at diﬀerent Mg ﬂuxes: (a) 0 %, (b)
15 %, (c) 54 %, scale bars are 500 nm; (d) Mg ﬂux dependence on the density of
nanowires with length below 0.5 mm (black) and over 0.5 mm (red).
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Figure 5.22: HRTEM image of ZnMgO nanowire, scale bar is 5 nm. Mg nor-
malised ﬂux is 28 %.
1.1 1.2 1.3 1.4 1.5
0.00
0.05
0.10
0.15
0.20
0.5 1.0 1.5 2.0
E
D
X
 
n
o
r
m
a
l
i
s
e
d
 
s
i
g
n
a
l
,
 
a
.
u
.
E, keV
Normalised Mg flux:
 0 %
 20 %
 28 %
Au
Mg
Zn
O
Figure 5.23: EDX spectra (normalised to the oxygen peak) of isolated ZnMgO
nanowires with diﬀerent Mg ﬂuxes. Inset: lower resolution EDX spectra nor-
malised to the Zn peak, showing peaks of other elements.
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Figure 5.24 shows XRD measurements on samples grown on sapphire. Fig-
ure 5.24.a shows ZnMgO (0002) peaks, the Au (111) peak and the substrate
peak (in this case the Al2O3 (0006) peak). At Mg ﬂux higher than 40 % a new
peak at  37 appears. This peak is attributed to MgZnO rock-salt phase in-
clusions in the wurtzite ZnMgO matrix. The cubic phase usually has higher Mg
content than the wurtzite structure [121]. This introduces phase boundaries in
the nanowires and an alteration of the band gap, thus reducing their crystalline
quality and increasing scattering centres for electrons. Figure 5.24.b shows that
the Zn1 xMgxO (002) peak shifts to higher angles for samples with higher Mg
content, indicating the decrease of the c-lattice parameter. The lattice constants
of Zn1 xMgxO nanowire samples were extracted from Zn1 xMgxO (0002) XRD
reﬂections using Bragg’s law.
Figure 5.24.c shows the dependence of the lattice parameter on the Mg nor-
malised ﬂux for samples grown on silicon and on sapphire. The lattice constant
changes by approximately 0.04 Å when the normalised Mg ﬂux is increased up
to 50 %. As noted in section 3.3.3.2, the Mg content cannot be inferred from
Vegard’s law, as no pure wurtzite MgO exists. Analysis of literature data on the
c-lattice parameter in ZnMgO and the Mg-content measured using independent
techniques is used as a method to infer the Mg content in nanowires (explained in
more detail in 3.3.3.2, equation 3.19). The Mg content inferred from XRD data
is given in table 5.2.
Figure 5.24.d shows XPS data for nanowires grown on sapphire. The Mg 1s
peak at 1305 eV increases with increasing Mg fractional ﬂux, which is consistent
with the XRD data. The Mg content measured by XPS is given in table 5.2.
Pure MgO has a band gap of 7.7 eV, whereas pure ZnO has a band gap of
3.37 eV. Thus, the band gap of ZnMgO is expected to increase with increasing
Mg content. Figure 5.25 shows PL data on the Zn1 xMgxO nanowire samples.
No signiﬁcant diﬀerence between the as-grown samples grown on silicon and sap-
phire was observed in the room temperature PL measurements. The band-edge
emission peak shifts to higher energies as expected, as shown in ﬁgure 5.25.a,b
at room temperature and at 13 K, respectively. The Mg ﬂux dependence of the
emission peak position is shown in ﬁgure 5.25.c.
The full width at half maximum of the band-edge peak increases with increas-
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Figure 5.24: XRD diﬀractograms and XPS spectra of Zn1 xMgxO samples with
diﬀerent Jnorm(Mg). (a) low resolution XRD diﬀractogram, showing various
Zn1 xMgxO wurtzite and rocksalt, Au and sapphire peaks; (b) Zn1 xMgxO(002)
peak for samples grown at diﬀerent normalised Mg ﬂux, showing shift towards
higher angles; (c) c-lattice constants inferred from the XRD data and Bragg’s
law for ZnMgO samples grown on Si and on sapphire; (d) XPS Mg1s peak on
Zn1 xMgxO samples.
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Figure 5.25: PL measurements on Zn1 xMgxO samples. (a) PL band-edge spec-
tra at room temperature for as-grown samples grown on sapphire with diﬀerent
normalised Mg ﬂuxes; (b) 13 K PL band-edge spectra of the samples grown on
silicon; (c) band-edge peak position as a function of normalised Mg ﬂuxes for
samples grown on Si and on sapphire; d) PL band-edge spectra of individual
nanowires grown with normalised Mg ﬂux of 15 %; (e) green band PL emission
normalised to the band-edge peak for as-grown samples with diﬀerent Mg ﬂuxes.
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ing Mg ﬂux. At room temperature it increases from 100 meV to almost 200 meV.
At low temperatures this eﬀect is much more pronounced: the FWHM increases
from 28 meV to 160 meV and the peak splits into two closely located peaks. This
eﬀect might be caused by the presence of Zn1 xMgxO phases with diﬀerent Mg
concentration x, and hence with diﬀerent band gap. The suggestion of varying
incorporation of Mg in nanowires was tested by measuring the PL response on
single nanowires, deposited on SiO2. Figure 5.25.d shows spectra taken from 5
single nanowires grown at fractional Mg ﬂux of 15 %. The peak energies range
from 3.35 to 3.57 eV. This indicates very irregular Mg incorporation in nanowires
during growth. As a result, the measurement on as-grown sample gives only an
average value of the nanowire Mg content. This discrepancy between nanowire
properties should be taken into account when preparing ZnMgO nanowire devices.
The presence of various Zn1 xMgxO phases with diﬀerent x aﬀects the density
of deep levels: the deep level luminescence increases by one order of magnitude
after incorporation of Mg into ZnO (ﬁgure 5.25.e).
The dependence of the PL band edge peak position of ZnMgO nanowire sam-
ples grown on sapphire and silicon on the Mg normalised ﬂux is depicted in
ﬁgure 5.25.c. Analysis of literature data on the PL peak position in ZnMgO
nanowires and thin ﬁlms and Mg-content measured using independent techniques
is used as a method to infer Mg content in nanowires (equation 3.19) as it was
done for XRD measurements. The Mg content inferred from PL data is given in
table 5.2.
Table 5.2 gives information on all the values of Mg concentration inferred
from various techniques. The last column provides an estimation of energy band
gap diﬀerences between ZnO and ZnMgO samples, which may be used for band
engineering.
Figure 5.26 compares PL, XRD and XPS data. It depicts the dependence of
the Mg content in the samples x on the Mg content in the growth vapours. Fitting
experimental results of the dependence of x on (Jnorm(Mg)) to the formula 3.18
for samples with no phase separation we get the ratio between the incorporation
rate coeﬃcients for Zn and Mg. The ﬁtting gives the value of 3.51 (black curve
in ﬁgure 5.26), i.e. the Zn incorporation rate into wurtzite ZnMgO is 3.5 times
higher than the incorporation rate of Mg.
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Table 5.2: Incorporation of Mg into ZnMgO nanowire samples grown on sapphire.
normalised % of Mg in wires, Estimated
Mg ﬂux, %, measured from band gap oﬀset in
Jnorm(Mg) XRD XPS PL ZnMgO/ZnO
heterojunction
0 0 0 0 0
3.4 1 0 0.02
7 1 0 0.02
15 6 102 82 0.100.02
29 133 153 234 0.220.03
43 273 283 0.400.05
53 333 404 265 0.550.08
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Figure 5.26: Dependence of Mg content x on the normalised Mg ﬂux for diﬀerent
types of analysis. The black solid line is a ﬁt with = = 3:5.
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In conclusion, Mg incorporation in ZnO nanowires was studied. The Mg atom
incorporation rate is 3.5 times lower than that of Zn atoms. At Mg content larger
than 20 % cubic phases segregate in ZnMgO wurtzite samples. At Mg content
of 20 % the band gap diﬀerence between ZnO and Zn0:8Mg0:2O is approximately
0.2 eV. This value is enough for fabricating barriers that are operational at room
temperature. Studies of axial and radial heterostructures are presented in the
next section.
5.7 Heterostructures
5.7.1 Radial heterosctructures
Compositional and band gap modulation can be performed axially and radially.
At usual nanowire growth temperatures of 750 C Mg diﬀuses along the nanowire
[152; 153] severely complicating the fabrication of ZnO/ZnMgO/ZnO axial het-
erostructures or quantum wells. On the other hand, growth of the nanowire
shell at lower temperatures will slow down diﬀusion of Mg, allowing the epitaxial
growth in the radial direction and thus achieving radial compositional modula-
tion. In order to prepare radial heterostructures (or “core-shell” heterostructures)
the following growth procedure was carried out:
First, normal growth of ZnO nanowires was conducted at 750 C for two hours.
The temperature was then reduced to 500 C and diﬀerent material growth (MgO,
ZnMgO, or ZnMgO/ZnO/ZnMgO) was carried out for 5–15 minutes. The reduc-
tion of temperature reduced the growth rate along the c-axis and increased the
growth rate along the m- and a- axes. Five diﬀerent radial heterostructure sam-
ples with diﬀerent normalised Mg content (Jnorm(Mg) = J(Mg)=(J(Mg)+J(Zn)))
have been grown:
1. ZnO for 2 hours at 750 C + MgO for 15 minutes at 500 C;
2. ZnO for 2 hours at 750 C + ZnO for 5 minutes at 500 C;
3. ZnO for 2 hours at 750 C + ZnMgO for 5 minutes at 500 C; Jnorm(Mg)
= 30 %;
4. ZnO for 2 hours at 750 C + ZnMgO for 15 minutes at 500 C; Jnorm(Mg)
= 40 %;
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5. ZnO for 2 hours at 750 C + [ZnMgO/ZnO]4 superlattice at 500 C; each
half-layer growth was 2 minutes long; Jnorm(Mg) = 40 %.
SEM images of these samples are shown in ﬁgure 5.27. No radical change
is found in nanowire morphology. No overgrowth of the ﬁlm over nanowires is
observed, and no big change in diameter is observed (inset in ﬁgure 5.27).
(a) ZnO/MgO  (b) ZnO/ZnO 
(c) ZnO/ZnMgO  (d) ZnO/[ZnMgO/ZnO]4 
200 nm 
Figure 5.27: SEM images of the core-shell nanowires: (a) ZnO/MgO; (b)
ZnO/ZnO; (c) ZnO/ZnMgO; (d) ZnO/[ZnMgO/ZnO]4. Scale bars are 2 mm.
Inset: higher magniﬁcation SEM image of ZnO/[ZnMgO/ZnO]4 as-grown nano-
wires.
5.7.2 TEM on heterostructure nanowires.
TEM images of ZnO/MgO core-shell nanowires are shown in ﬁgure 5.28. The
MgO layer does not grow in a single crystal arrangement, but forms a polycrys-
talline cubic shell around the wurtzite core. A polycrystalline shell can result in
an irregular band structure which may be detrimental to the device performance.
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In order to conﬁrm no signiﬁcant intermixing between the core and the shell,
EDX line scans were performed across a ZnO/MgO nanowire cross-section in
TEM (ﬁgure 5.28.c). The EDX signal can be ﬁtted by equation 3.20. Three
ﬁts to diﬀerent line scans on oxygen, zinc and magnesium signals gives similar
results: the radius of the core is 260.5 nm (dcore = 52 nm), the thickness of
the shell is 40.3 nm (i.e. the diameter of the whole wire is 60 nm), and the
signal broadening is 90.7 nm. Note that a signal broadening represents the
combination of the eﬀective interaction area between the beam and the nanowire
and the Mg and Zn interdiﬀusion. In the current geometry it is possible only
to estimate the upper limit of the interdiﬀusion between the core and shell at a
temperature of 500 C, which is 9 nm.
Zn1 xMgxO material with x < 0.2 grows epitaxially without any rock-salt
phase inclusions and thus can be exploited for defect free heterostructure forma-
tion with ZnO nanowires.
TEM images of a core-shell heterostructure with ZnMgO shells are shown
in ﬁgure 5.29. The shell growth is conﬁrmed by the overgrowth of the ZnMgO
shell over the gold droplet as observed in the nanowire in ﬁgure 5.29.c. TEM
contrast between core and shell is not clearly visible due to the low concentration
of Mg. EDX data collected from the whole core-shell heterostructure nanowire
did show a small amount of Mg in the wire. However, cross-sectional scans of
the wires by scanning TEM techniques such as HAADF, EDX and EELS didn’t
show any visible contrast at the sides of the wire. Simulation of the EDX data
(equation 3.20) indicates that the Mg signal in Zn1 xMgxO with x below 20 %
will be of the same order of magnitude as the noise. Attempting to increase the
signal-to-noise ratio by keeping the electron beam on the wire for a longer time
to collect more data points results in destruction of the wire.
Multiple core-shell nanowires with four double layers have been grown and
investigated by TEM (ﬁgure 5.30). The nanowire shown in ﬁgure 5.30.a was grown
without gold droplet overgrowth. Side areas of the wire in ﬁgure 5.30.b show
four brighter contrast regions. The same periodical TEM contrast stripes were
observed in approximately half of the investigated nanowires grown. The number
of brightness change regions correlates with the number of intended quantum
well structures. The width of these regions is approximately 1–2 nm, suggesting
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Figure 5.28: ZnO/MgO core-shell nanowires: (a–b) TEM images; (c) EDX lines-
cans on the ZnO/MgO core-shell nanowire cross-section, Zn, O and Mg signals,
with the solid red line showing the theoretical ﬁt as calculated using equation
3.20
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(a)  (b)  (c) 
100 nm 
Figure 5.29: TEM images of ZnO/ZnMgO core-shell nanowires at diﬀerent mag-
niﬁcations. (c) shows the Au particle overgrown by ZnMgO shell.
a radial growth rate of approximately 0.5–1 nm per minute. Since not all the
nanowires exhibit the same TEM contrast, we can conclude that the radial growth
rate is unevenly distributed from wire to wire on the same growth sample.
(a)  (b)  (c) 
10 nm  10 nm 
Figure 5.30: TEM images of ZnO/[ZnMgO/ZnO]4 multiple core-shell nanowires
at diﬀerent magniﬁcations. (a) top of the nanowire; (b-c) higher resolution TEM
image of the same nanowire showing striped contrast due to diﬀerent layers of
ZnO and ZnMgO materials, white lines in (c) are guides to the eye.
5.7.3 Photoluminescence of heterostructure nanowires.
In order to carry out a PL study on the as-grown heterostructure samples, it
should be noted that the nanowire coverage of the as-grown samples varies over
the sample surface. Figure 5.31.a shows the nanowire density on the as-grown
sample as a function of the position on the sample. At the edge of the as-grown
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sample, the nanowires cover almost 100 % of the sample surface, whereas in its
centre they cover 10 % or less. This fact is of high importance for the PL in-
vestigation, due to the excitation beam being only on the order of 1 micrometer
in diameter. The PL investigation is therefore much more localised than XPS or
XRD. This diﬀerence in the nanowire density was not important in the PL mea-
surement on the as-grown ZnO or ZnMgO samples, as the PL spectra were very
similar in the middle and at the edge of the sample. However, the heterostructure
samples have very diﬀerent PL behaviour at these two positions (ﬁgure 5.31.b).
This spatial variation in PL spectra and in the nanowire density together allows
us to assume that the PL spectra taken at the centre and edge of the as-grown
sample may be attributed to the ﬁlm and to the nanowires, respectively. In sum-
mary, we will use measurements taken at the sample centre to investigate the
thin ﬁlm, measurements taken at the sample edge to investigate the nanowire
ensemble, and measurements taken on individual nanowires to corroborate the
nanowire ensemble data. All the measurements were taken at room temperature.
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Figure 5.31: (a) Nanowire density variation on the as-grown sample, (b) room
temperature PL signal variation taken at diﬀerent places on the as-grown multiple
quantum well heterostructure nanowire sample.
5.7.3.1 Thin ﬁlm PL
First we will examine the thin ﬁlm spectra (ﬁgures 5.32.a,b). Thin ﬁlms with no
Mg and a short period (5 minutes) of ZnMgO layer growth (blue and green curves
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respectively) show similar PL band-edge emission peak positions at approximately
3.28 eV (inset in ﬁgure 5.32.a). We speculate that no PL signal of the ZnMgO thin
layer can be observed due to a very small volume of material. The sample with a
longer period of ZnMgO layer growth (15 minutes) has its peak shifted to 3.3 eV,
which may be attributed to the low Mg content ZnMgO layer luminescence with
Mg composition of 1–2 % (inferred from the peak position and equation 3.19), or
to strain eﬀects near the ZnO/ZnMgO interface. The same sample has another
low intensity peak at 3.59 eV (ﬁgure 5.32.b, red curve). This peak is attributed
to a high Mg content ZnMgO layer, with an Mg content of approximately 20 %,
as inferred from the peak position. This value coincides well with what we would
expect if we add 40 % of Mg into the vapour phase (ﬁgure 5.26).
The thin ﬁlm grown with a pure MgO layer has the same peak at 3.3 eV,
indicating minor intermixing between ZnO and MgO or strain (ﬁgure 5.32.a, grey
curve). The MgO luminescence peak cannot be observed because of its position
at 7.7 eV, which is out of the range of the PL instrument used.
The black curve in ﬁgures 5.32.a,b shows the PL measurement on the ZnO/Zn-
MgO multiple heterostructures. The band-edge peak is observed at 3.32 eV,
which is higher than that of ZnO or ZnO/ZnMgO samples and may indicate
that the peak is constituted of many peaks, some of them with energies higher
than usual ZnO emission. Moreover, the graph shows a pronounced large tail
at higher energies. Automatic Gaussian deconvolution of the spectrum in the
Origin software package shows the presence of various peaks with energies spaced
from the ZnO peak by 50 to 300 meV. We attribute peaks with energies between
3.35 eV and 3.6 eV to emission from multiple quantum wells (MQW) with varying
well thicknesses. These energies correspond to quantum wells of thickness ranging
from 1 to 5 nm [139; 156].
5.7.3.2 Nanowire PL
Figure 5.32.c shows nanowire PL spectra. The highest band-edge peak shows
trend similar to that of thin ﬁlms, with pure ZnO nanowire peak at 3.28 eV,
ZnO/ZnMgO single heterostructure PL peak at 3.295 eV and ZnO/ZnMgO MQW
at 3.315 eV. No distinct Zn0:8Mg0:2O or MQW peaks are observed in nanowire
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Figure 5.32: Photoluminescence of heterostructure samples. (a) thin ﬁlms, all
the band-edge PL spectra, inset shows shift in the band-edge peak position; (b)
thin ﬁlms, semi-logarithmic plot of the band-edge PL spectra; (c) nanowire en-
sembles, semi-logarithmic plot of the band-edge PL spectra, inset shows shift in
the band-edge peak position; (d) PL on four individual nanowires from the MQW
sample, possible quantum conﬁned Stark eﬀect (QCSE) indicated by arrows; (e)
nanowire surface band diagram explaining the charge carrier separation and pos-
sible QCSE; (f) PL peak energy position dependence of the FWHM measured
on individual MQW ZnO/ZnMgO nanowires and ZnO nanowires, yellow circles
indicating nanowires with potential MQW emission.
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samples as opposed to thin ﬁlms. The PL spectrum of ZnO/MgO core-shell
nanowires are not shown on this graph because it is similar to that of the thin
ﬁlm (ﬁgure 5.32.a, grey curve).
Absence of high energy peak in the nanowire PL
Usually the ﬁne features of the MQW are observed in low temperature PL
[139; 156]. We performed our measurements at room temperature, with high
temperature smearing out any additional peaks. Although no clear additional
peaks are visible, the shift of the peak position in the single and multiple quantum
well nanowire samples by 15 and 35 meV, respectively, may give a hint to the
heterostructure formation (ﬁgure 5.32.c inset).
On the other hand, by the same logic, room temperature smearing should
apply to the thin ﬁlm PL as well. However, we have clearly observed the MQW
and Zn0:8Mg0:2O layer emission peaks in the thin ﬁlm PL. The absence of the
MQW luminescence in the nanowire PL cannot be explained by the absence of
the MQW core-shell geometry in nanowires, because it was observed by TEM
(ﬁgure 5.30). One possible explanation of this eﬀect may be found by consid-
ering the band bending diagram near the nanowire surface (ﬁgure 5.32.e). ZnO
nanowires are known to have large band bending due to adsorbed species (mainly
oxygen) and the electric ﬁeld directed towards the centre of the nanowire. The
electric ﬁeld at the nanowire surface separates electrons and holes and reduces
their recombination in the surface depletion region. Therefore, most of recom-
bination is happening in the core of the nanowire, where the bands are parallel.
Since ZnMgO layers are on the surface of the wire, only a very small fraction of
electron-hole pairs recombine in the ZnMgO layers or in the ZnMgO/ZnO quan-
tum wells. The remaining MQW recombination is seen by the slight increase of
the high-energy tail of the MQW sample PL (pink arrow in ﬁgure 5.32.c).
Quantum Conﬁned Stark Eﬀect
Surface band-bending may potentially induce another eﬀect, called Quantum-
Conﬁned Stark Eﬀect (QCSE) [227; 228]. It is illustrated in ﬁgure 5.32.e. The
surface barrier creates a large radial electric ﬁeld. In turn, the electric ﬁeld shifts
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the electron states in the quantum well to lower energies and the hole states to
higher energies. This reduces the recombination energy to h   E and may
cause light emission with energy below the material’s band gap. Using a simple
one-dimensional potential model for the ZnO nanowire surface and assuming a
reasonable surface barrier of 0.5 eV [177], carrier concentration of 21018 cm 3
and quantum well thickness of 2 nm, this emission energy lowering may reach
0.2 eV. Although this is a signiﬁcant value which at these distances results in an
electric ﬁeld close to the material breakdown ﬁeld, similar magnitude quantum-
conﬁned Stark eﬀect was observed in the tips of ZnO heterostructure nanowires
[146].
The MQW nanowire sample has a peak below the ZnO band gap at approxi-
mately 3.0 eV (black arrow in ﬁgure 5.32.c). Similar peaks with energies 3.05 eV
and 3.15 eV are observed in the PL spectra measured on some individual nano-
wires (arrows in ﬁgure 5.32.d). This observation gives evidence for the possible
QCSE on some of the nanowire core-shell heterostructures. No QCSE peaks are
observed in thin ﬁlms. This indicates a nearly ﬂat band arrangement of the ZnO
thin ﬁlms.
Individual nanowires
It should be noted that not all individual nanowires show the QCSE peak or
high energy peak (e.g. black and purple curves in ﬁgure 5.32.d). It is, however,
possible to analyze nanowires statistically by performing PL measurements on
multiple MQW ZnO/ZnMgO nanowires and pure ZnO nanowires. Figure 5.32.f
shows the dependence of the full width at half maximum (FWHM) on the PL
peak energy position for twenty MQW nanowires and twenty ZnO nanowires, with
each data point representing one nanowire (samples were grown on the same day
to minimise any MBE instrumental error, although in a diﬀerent month from
the samples shown previously in ﬁgures 5.32.a-c). The MQW nanowires have
a higher scatter of the PL peak position and an increased FWHM value. The
increased FWHM indicates the presence of extra peaks, the ﬁne features of which
may become visible at low temperatures. Encircled data points in ﬁgure 5.32.f
show nanowires with their peak energies much higher than the average value of
ZnO nanowires. This may be indicative of the existence of the emission from the
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quantum wells in these nanowires. Low temperature PL measurement on these
samples would allow the unambiguous determination of the existence of quantum
well emission.
In conclusion, ZnO/MgO, ZnO/ZnMgO and ZnO/[ZnMgO/ZnO]4 core-shell
nanowires have been grown by gold-catalysed MBE with the core grown at 750 C
and the shell grown at 500 C. TEM and EDX measurements conﬁrmed shell-
formation with low core-shell intermixing. PL measurements were carried out to
separate the eﬀects of the nanowires and the parasitic thin ﬁlm. The multiple het-
erostructure thin ﬁlm shows quantum well luminescence with emission energy in
the range 3.35–3.6 eV. Nanowire multiple heterostructures showed a PL peak lu-
minescence energy higher on average than that of ZnO nanowires, a low intensity
high energy tail and low energy peak, which we tentatively attribute to quantum
conﬁned Stark eﬀect. All these eﬀects indicate the presence of quantum well lumi-
nescent emission in multiple core-shell ZnO/ZnMgO heterostructure nanowires.
In order to unambiguously prove that, low temperature PL measurement will be
carried out on these nanowires in the future. Poor repeatability of the growth
complicates the further study of the multiple-quantum well nanowire devices.
5.8 Drawbacks
There are several indications of the poor control over the nanowire growth con-
ditions which may hamper application of as-grown samples to electronics.
(i) As it was shown in the previous section on page 159, ﬁgure 5.31.a, the
ZnO nanowire density distribution for ZnO grown on 1010 mm sapphire sub-
strate is very uneven. It increases from 1 to 10 mm2 from the centre to the sides
of the growth substrate. The middle of the sample is mostly covered with a
polycrystalline ﬁlm.
(ii) The level of Mg incorporation can not be controlled precisely in nanowires.
This was shown by the varying PL peak positions measured on individual ZnMgO
nanowires (ﬁgure 5.25.d), by diﬀerent PL peak positions measured in the multiple
quantum well ZnO/ZnMgO heterostructure and ZnO nanowires (ﬁgures 5.32.d,f).
Not all the TEM images of the nanowires from the mulitple heterostructure sam-
ple have shown multiple heterostructure contrast.
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Poor growth control may arise due to several reasons, both instrumental and
fundamental.
(i) Possible instrumental reasons:
Rotation of the sample and geometry of the sample holder, which forms a
wedge at the side of the sample, results in diﬀerent ﬂuxes of the gas species in the
immediate proximity to the sample surface. Accumulation of species at the side
of the sample may improve nanowire growth as it is known that ZnO nanowires
can be grown at high pressures [27]. At the same time this accumulation may
be the reason of ﬂuctuations of Zn and Mg ﬂuxes and thus diﬀerent growth
rates in diﬀerent spots on the sample surface. Additionally, the point of contact
between the metallic sample holder and the sample will change the temperature
distribution of the sample surface.
(ii) Fundamental reasons:
Nanowires of diﬀerent diameters, clusters and thin ﬁlm may all have diﬀerent
Mg incorporation rates. The same exfoliation technique used for InAs samples to
distinguish between nanowires and clusters cannot be used for ZnO nanowires,
because the ZnO ﬁlm has poor adhesion to substrate and after exfoliation both
ZnO nanowires and thin ﬁlm are removed from it.
Another reason for the poor repeatability may be our lack of full control over
the gold catalyst. The chemical composition of a gold particle at the start of the
nanowire growth plays a crucial role. Full control over the chemical potential in a
gold catalyst is needed to achieve the global uniformity of nanowire parameters.
In conclusion, nanowire growth is governed not only by the average growth
parameters (substrate temperature, beam ﬂuxes), but as well by the local growth
parameters (local nanowire temperature and local ﬂuxes, gold particle sizes, sep-
aration and composition). The variation of the local growth parameters along a
single nanowire is potentially much smaller than the variation of the local growth
parameters over the whole sample, and thus properties of one single nanowire
may be studied independently by diﬀerent techniques and correlated among each
other, providing useful information on various nanowire properties. For this rea-
son, correlation studies on electrical and optical properties of individual ZnO
nanowires have been performed and are presented in the next chapter.
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5.9 Conclusion
ZnO nanowires were grown on various substrates (silicon, sapphire and ZnO).
Gold catalyst nanoparticles were prepared by gold thin-ﬁlm high-temperature
annealing, by electron beam lithography and by gold colloidal deposition. Growth
of ZnO nanowires is governed by the competing processes of the oriented growth
along the (0001) direction, growth on the nanowire walls, desorption of Zn and
O atoms from the surface of the substrate and of ZnO, and, in the case of silicon
substrates, gold-eutectic formation at higher temperatures. The main parameters
of ZnO MBE growth, such as axial and radial growth rates, ZnO ﬁlm growth on
Si, the eﬃciency of nanowire formation and others, were measured. A two-step
procedure for ZnO nanowire growth on silicon was implemented, which showed
improved “quality” of the grown nanowires. Nanowires are 0.5 to 4 mm long, 20
to 200 nm in diameter, with wurtzite structure and no apparent crystallographic
defects, such as dislocations or stacking faults.
Zn1 xMgxO nanowires with varying Mg content x were grown on silicon and
sapphire. A variety of techniques were used to study Mg incorporation into
Zn1 xMgxO nanowires (SEM, HRTEM, EDX, PL, XPS and XRD). x was shown
to be in the range 0–40 %. The Mg incorporation rate coeﬃcient was measured
to be 3.5 times smaller than that of Zn. It was shown that with Mg content
in as-grown samples higher than 20 % some rock-salt/wurtzite phase separation
occurs.
ZnO core-shell heterostructure nanowires with shells of MgO, ZnMgO of var-
ious Mg contents and thicknesses, and multiple quantum well core-shell het-
erostructure were grown on sapphire by growing the core at 750 C and then
reducing the temperature to 500 C to grow the shell. HRTEM, EDX and PL
have conﬁrmed formation of the shell with little intermixing between core and
shell.
The uniform growth of the wires can still be optimised to achieve complete
control over the nanowire growth on the whole area of the substrate and to
fabricate macroscopic arrays of core-shell heterostructure nanowires with fully
reliable and reproducible properties.
166Chapter 6
ZnO-based nanowires. Electronic
devices
ZnO nanowires can be potentially used for a variety of electronic devices: sensors,
LEDs, photodiodes, lasers, processing and memory devices etc. [33; 39; 47; 56].
Investigation of their electrical properties allows us to better understand their
potential for use in these applications. One of the nanowire-devices that is suf-
ﬁciently universal and allows the study of a wide variety of properties is the
nanowire-based ﬁeld eﬀect transistor (FET). This chapter addresses the electri-
cal and optical studies of ZnO nanowire transistors. Investigation of the spectral
distribution of the defect states in ZnO nanowire transistors by current mode
deep level transient spectroscopy is discussed.
6.1 Field eﬀect transistor optimisation
The procedure of fabricating nanowire FETs is presented in section 3.5.1 (ﬁg-
ure 6.1). Details of the FET optimisation are given below.
Any eﬀect of the processing steps on the electronic properties of nanowire FET
should be minimised in order to study nanowire properties with better accuracy.
The dependence of the nanowire resistance on the processing parameters, such as
Ar ion milling time, electron irradiation and contact metal choice are investigated
in this subsection.
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Figure 6.1: SEM images of the nanowire FETs: (a) two point probe conﬁguration;
(b) 4 point probe conﬁguration. Scale bars are 500 nm. Inset in (b): contact
resistance measurement on the 4-point-probe nanowire sample.
The procedure of Ar ion milling InAs nanowires prior to contact sputtering
was reported by our group in [189]. The same procedure was used to improve
contact resistance of ZnO nanowires. The dependence of the average nanowire
resistance on milling time is shown in ﬁgure 6.2. Nanowire devices prepared with
no milling did not show any measurable current through the nanowire. If milled
longer than 2 minutes, the nanowire dimensions are reduced and the resistance of
the nanowire increases. A resistance minimum is observed after about 1 minute
milling time. All nanowire devices were therefore milled for 1 minute prior to
contact sputtering.
The eﬀect of the subsequent choice of contact material on nanowire resistance
was investigated. Ti, Al and Nb metals were compared. No dramatic diﬀerence
in resistance could be observed for Ti and Al contacts (ﬁgure 6.3). However, Ti
and Al contacts have average resistance approximately 3 times lower than that
of Nb contacts. The work functions of Al, Ti and Nb are 4.19–4.28 eV, 4.10–
4.33 eV and 4.30 eV respectively [229; 230]. This is lower than the work function
of ZnO – 4.5 eV a. This diﬀerence in work functions between ZnO and all three
metals (Al, Ti and Nb) result in Ohmic contacts to ZnO (ﬁgure 3.15.b,c). The
small diﬀerence between contact resistances may be also caused by the nanowire
aIt should be noted, that values of ZnO work function ranging from 3 to 5 eV have been
reported. Moreover, these values may be altered by oxygenation, annealing, doping and other
methods. We take the value averaged over a number of publications [231–233].
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Figure 6.2: Dependence of the average nanowire resistance on Ar ion milling time
before contact metallisation.
surface. It may have a high density of surface states that pin the Fermi level
and thus eliminates the eﬀect of diﬀerent contact materials for Al and Ti, or it
can indicate that sputtered metals are highly energetic and thus diﬀuse into the
nanowire, doping it and reducing the contact resistance.
The contact resistance was investigated at room temperature on several 4-
point-probe contacted nanowires with Al-contacts (ﬁgure 6.1.b and the inset).
For this particular nanowire shown in the ﬁgure, the contact resistance may be
regarded as 0. However, the contact resistance varies from nanowire to nanowire
and may reach up to 5 % of the nanowire bulk resistance. Overall, even in the
case of the highest contact resistance, it can be neglected in room temperature
transport measurements.
SEM was used to image nanowires in order to design contact patterns. This
procedure has a certain drawback, as the electron beam may damage the nanowi-
res and change their electrical properties. A comparison between SEM and optical
imaging for design patterning was carried out and is shown in ﬁgure 6.3.b. No
considerable diﬀerence in resistances is observed between these two processes. On
the other hand, use of SEM results in much higher yield of nanowire devices per
chip – up to 90 % as opposed to 25 % for optical microscope imaging. Hereafter,
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Figure 6.3: Diameter dependence of the room temperature nanowire resistance:
(a) for nanowires with contacts of diﬀerent metals; (b) for nanowires imaged by
optical and electron microscopy prior to the EBL contact patterning process.
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only SEM imaging is used in this work in order to improve eﬃciency of FET
fabrication.
6.2 Electrical measurements on ZnO nanowires
Electrical transport measurements of a nanowire FET allow evaluation of var-
ious important nanowire parameters, such as carrier type, the value of electri-
cal conductivity, carrier mobility, carrier concentration, the electrical transport
mechanism, thermal activation energy etc. Along with providing information on
material properties, these values give insight into the possibilities for device fab-
rication. This chapter presents experimental details of transport properties of
ZnO nanowires at room and cryogenic temperatures, discusses possible transport
mechanisms and compares two diﬀerent ZnO nanowire types: those grown on a
silicon substrate and those grown on a sapphire substrate.
6.2.1 Room temperature transport measurement
Room temperature FET measurements have been carried out on approximately
300 conductive nanowires. All the wires show linear behaviour in their 2-point
IV characteristics which indicates Ohmic contacts (ﬁgure 6.4.a). Dependence of
the 2-point resistance on nanowire diameter is shown in ﬁgure 6.5, where the vast
majority of the wires have resistances ranging between 50 kW and 60 MW.
FET characteristics were measured on these wires. IV characteristics at dif-
ferent gate voltages are shown in ﬁgure 6.4.a. The resistance decreases at positive
gate voltages which indicates the n-type conductivity of the wires. This uninten-
tional ZnO n-type doping is universally observed and is variously attributed to
H atoms, Zn interstitials and Zni-NO complexes [182–184]. FET transfer charac-
teristics (i.e. the dependence of the drain-source current on the gate voltage at a
ﬁxed drain-source voltage of 0.2 V) are shown in ﬁgures 6.4.b and c. Depending
on the wire and on the measurement conditions, the threshold voltage varies from
–30 to –5 V. As was mentioned earlier in section 3.5.3.3 equation 3.39 on page 85,
the threshold voltage depends on the density of surface states and on the carrier
concentration. Thus this large scatter of threshold voltages may indicate both
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varying density of surface states and varying carrier concentration in the nano-
wires. Some of the nanowires exhibit hystereses in their transfer characteristics
(ﬁgure 6.4.c, inset). They are attributed to the surface states that charge and
discharge at positive and negative voltages respectively, and thus aﬀect the trans-
port behaviour. From the diﬀerence in the threshold voltages VT for the forward
and backward curves we can estimate the density of the recharging surface states
Nss  1011 cm 2 (equation 3.39).
The carrier mobility and the eﬀective carrier concentration in nanowires were
calculated from the linear sections of transfer curves and from IV-curves according
to equations 3.39 and 3.41.
The ﬁeld eﬀect mobility ranges from 1 to 60 cm2/(Vs) (ﬁgure 6.6.a) with
an average mobility of approximately 15 cm2/(Vs). These numbers are in a
good agreement with the literature [166; 171–174]. The highest mobilities of
40 to 60 cm2/(Vs) are observed in nanowires with diameters 50 to 100 nm.
These nanowires also experience the largest scatter of mobility. The mobility
of the nanowires with higher diameters is less scattered and approaches values
of 10 cm2/(Vs). A large variation in the mobility values may be caused by
non-uniformity of the growth conditions for nanowires with low diameters which
aﬀects the concentration of scattering centres both in the core and on the surface
of the nanowire.
The dependence of the eﬀective carrier concentration on the nanowire di-
ameter is shown in ﬁgure 6.6.b. The average eﬀective carrier concentration is
approximately 1019 cm 3. From this value of the carrier concentration and the
eﬀective density of states in ZnO conduction band (Nc  41018 cm 3, [205])
we estimate that the Fermi level is located 0.02 eV above the conduction band
minimum (ﬁgure 3.15). The carrier concentration varies much more in nanowires
with lower diameters. At higher diameters, the carrier concentration stabilizes
and decreases a little, approaching values of 31018 cm 3 in 200 nm diameter
nanowires. This large scatter of the carrier concentration values for nanowire
diameters below 100 nm may be related to the varying surface state spectra (sec-
tion 3.5.3.3). Large variation in the density of the surface and bulk defects may
be caused by the unstable growth dynamics in nanowires with small diameters.
After observing non-uniformities in the electrical properties of ZnO nanowires
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Figure 6.4: Nanowire FET characterisation: (a) IV characteristics at diﬀerent
gate voltages; (b-c) transfer characteristic in linear (b) and semi-logarithmic (c)
plots. Inset in (c): transfer characteristic of a diﬀerent nanowire showing hys-
teresis in the forward and backward scan directions.
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Figure 6.5: Resistance (a) and resistivity (b) of all the ZnO nanowires measured.
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concentration (b) inferred from transfer and IV characteristic measurements.
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due to inhomogeneous growth dynamics, we may pose the following question: is
this inhomogeneity inherent to the ZnO nanowire growth or does it depend on the
macroscopic growth conditions such as substrate rotation, tilt and temperature
variations? If inherent, then the transport properties such as mobility and car-
rier concentration in one nanowire will ﬂuctuate over the length of one nanowire.
If it is not inherent, however, the mobility and the carrier concentration in one
nanowire will be similar throughout its length, because the macroscopic growth
conditions may be regarded as constant in such a small volume. In order to
answer this question, multiple contacts (i.e. more than two) were made to nano-
wires longer than 2 microns (ﬁgure 6.1.b). Multiple contacts allow measurements
of transport characteristics at diﬀerent places in one nanowire. Multiple mea-
surements of the mobilities and carrier concentrations were done on each of the
three diﬀerent nanowires and are shown in table 6.1. Close accordance between
the measured values in each nanowire conﬁrms homogeneity of the main prop-
erties in each single nanowire. This result suggests diﬀerent macroscopic growth
dynamics for each nanowire.
Table 6.1: Multiple mobilities and carrier concentrations measurements done on
each nanowire in diﬀerent places.
Nanowire No. Mobilities, cm2/(Vs) Carrier concentration, 11018 cm 3
No. 1 14.7 and 13.2 7.7 and 6.8
No. 2 11.3 and 10.5 6.9 and 6.9
No. 3 9.2 and 8.8 7 and 9
In conclusion, electron mobility and carrier concentration were measured in
ZnO nanowire FETs. These values ranged over 2–3 orders of magnitude for
diﬀerent nanowires. In nanowires with small diameters (below 100 nm), the vari-
ation of the carrier mobility and of the carrier concentration is large, whereas in
nanowires with diameters larger than 100 nm, mobility and carrier concentration
saturate to values of 10 cm2/(Vs) and 31018 cm 3, respectively. The scatter
of transport characteristics is attributed to the diﬀerent growth dynamics over
the growth substrate, which aﬀects mainly small diameter nanowires (less than
100 nm) by randomly introducing impurities and point-defects in the nanowire
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bulk and on the surface.
6.2.2 Temperature dependence
Temperature dependent measurement of the transport properties give informa-
tion on transport mechanisms, the main scattering mechanisms, contact barrier
values, energy positions of shallow donors and other nanowire characteristics.
Figure 6.7.a shows ZnO nanowire IV-curves at diﬀerent temperatures. The re-
sistance of the nanowires (calculated in this case as R = Vds=Ids) decreases with
increasing temperature (ﬁgure 6.7.b). This can be explained by multiple mech-
anisms: the activation mechanism of the Schottky contacts (ﬁgure 3.15.a), the
activation mechanism of Ohmic contacts (ﬁgure 3.15.b), a reduction in carrier
concentration, or a decrease of the carrier mobility. Thermal activation process
can be described by the simple exponential term  exp( Ea=kBT). Activation
energies calculated from Arrhenius plots (dependence of the logarithm of resis-
tance on the inverse temperature) at temperatures higher than 50 K range from 20
to 60 meV and seem not correlate with any other characteristics of the nanowire.
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Figure 6.7: Temperature dependent measurements: (a) IV characteristics at tem-
peratures ranging from 294 to 8 K, inset: semi-logarithmic plot of the positive
branch of IV characteristics at diﬀerent temperatures; (b) temperature depen-
dence of resistance of various nanowires.
Whereas at high temperatures nanowires exhibit Ohmic behaviour, at temper-
atures below 60 K nanowires start showing non-linear behaviour. The nanowire
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IV curves at low temperatures (ﬁgure 6.8.a) have diﬀerent slopes at zero-voltage
bias and at 0.2 V voltage, which indicate a higher resistance at lower voltage
and a lower resistance at higher voltages (ﬁgure 6.8.b). This behaviour can be
explained by the band bending diagram in ﬁgure 3.15.b section 3.5.3.1, where the
nanowire-metal contact is the Ohmic contact with a small barrier, which can be
overcome by the application of positive voltage. This behaviour might occur only
if the Fermi level in the nanowire bulk lies below the conduction band. This is
valid if the carrier concentration is smaller than 31018 cm 3, which is not true
for the ZnO nanowires in this work a. If the Fermi level in the bulk of the wire
lies above the conduction band minimum, then the increase of resistance at low
temperatures can be ascribed to a Schottky barrier with small activation energy
(ﬁgure 3.15.a). The IV curve shape at low temperatures may be explained by
the lowering of a barrier by image forces (chapter 3.5.3.1). Some researchers ar-
gue [213] that this behaviour can be explained by Efros-Shklovsii variable-range
hopping conduction with strong electron-electron interaction. Here we will not
consider this case since it was not conﬁrmed by the temperature dependence of
the nanowire resistivity.
These potential descriptions (i.e. Ohmic contact with a small barrier and
Schottky contact with image force barrier lowering) indicate that there are two
components of resistance: zero-bias resistance and high bias resistance. At zero
voltage bias the IV-curve gives information on the barrier properties and are
exponentially dependent on the drain-source voltage. At high bias, when the
contact potential barrier ﬂattens, the IV-curve, and the diﬀerential resistance in
particular, shows behaviour corresponding to the bulk of the wire. The bulk
resistance Rbulk depends on the intrinsic nanowire properties, the carrier mobility
and the carrier concentration: Rbulk = l=(S) = l=(Snq), where l is the distance
between the contacts, S is the nanowire cross-sectional area,  is the nanowire
conductivity, n is the carrier concentration,  is the carrier mobility and q is
the elementary charge. The net resistance of the nanowire Rnet is the sum of the
contact resistance RC and the bulk resistance Rbulk: Rnet = RC+Rbulk. Therefore
the more accurate contact resistance value can be found by subtracting Rbulk from
aAlthough this explanation was used in the paper [170] for nanowires with the same carrier
concentration of 1019 cm 3.
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Figure 6.8: Temperature dependent measurements: (a) low temperature IV
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Rnet.
We have investigated resistances calculated from the slope at zero bias (zero-
bias resistance), at 0.2 V bias (ﬁnite-bias resistance) and the diﬀerence between
these values R. Figures 6.8.c–f show the temperature dependences of zero-bias
and the ﬁnite-bias resistances and R. The ﬁnite-bias resistance has either a
kink (nanowire No.2,6), or saturation (nanowire No.5, a “metallic-like” behaviour
[234; 235]) or even a reduction in magnitude (nanowire No.4) at low temperatures
and unlike the zero-bias resistance does not usually have an activation behaviour.
For the wire No.5 (ﬁgure 6.8.f, open circles) these values are nearly constant at
diﬀerent temperatures. Some nanowire resistances increase at lower temperatures
and they exhibit activation behaviour. The activation energies range between 20
to 60 meV (ﬁgure 6.8.d, red curve). As the ﬁnite-bias resistance accounts for
the bulk properties of the nanowire, these values may indicate the shallow donor
energy. It should be noted that ideally, in order to measure the bulk resistance,
the linear part of the IV curve at high voltages should be reached. For some
nanowires, it may be that a 0.2 V bias voltage is not large enough to reach the
situation of the full barrier ﬂattening. Higher drain-source bias voltages were not
applied to the nanowires, as they are often destroyed by the higher voltage bias.
We assume that the diﬀerence resistance R gives information on the nanowire-
metal contact (ﬁgure 6.8.c,d, black curve). It is complicated to measure zero-
bias resistance at low temperatures with high accuracy, as the IV-curves should
be diﬀerentiated with very high precision around 0 V. Therefore, measurements
performed at temperatures below 50 K show underestimated resistance values.
The activation energies calculated from the high temperature part of the R(T)
dependence give values for the contact barrier between 60 and 100 meV (ﬁg-
ure 6.8.d). These values indicate the Schottky barrier height for ZnO nanowires
with Al/Ti metal contacts.
The carrier mobility and carrier concentration are bulk characteristics of the
ZnO nanowires, therefore only the bulk (or ﬁnite-bias) resistance can be used
for their estimation. The mobility and carrier concentration were extracted from
the gate voltage dependence of the ﬁnite-bias resistance at diﬀerent temperatures.
Data measured on two nanowire FETs is shown in ﬁgure 6.9. Both nanowires have
similar temperature dependences of the carrier mobility with mobility increasing
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at lower temperatures. Double logarithmic plots of the temperature dependences
of the carrier mobility (insets in ﬁgures 6.9) show that the mobility varies as T  1.
This indicates the complex scattering mechanism involving acoustic and optical
phonons, and was observed in other polar materials, such as n-type GaAs [205].
The carrier concentration behaves diﬀerently for these nanowires. Nanowire No.5
has weak decrease in concentration from 51018 to 31018 cm 3 at 100 K and
then increase at lower temperatures. Carrier concentration of the nanowire No.6
decreases dramatically from 3.51019 cm 3 down to 21018 cm 3, ﬁtting of the
Arrhenius plot gives energy 40 meV – the position of the shallow donor relative
to the conduction band minimum.
In summary, low temperature transport characteristics of ZnO nanowires have
been investigated and allowed the study of diﬀerent conductivity mechanisms, de-
ﬁned by the contact properties and the bulk nanowire properties. The dependence
of the nanowire FET drain-source current on voltage, temperature and gate volt-
age is a valuable tool to study nanowire FET properties and compare diﬀerent
types of the nanowire FETs. The next subsection describes application of these
methods to ZnO nanowires grown on diﬀerent substrates: silicon and sapphire.
6.2.3 Comparison between nanowires grown on silicon and
sapphire.
The electrical properties of nanowires grown on (a) silicon and (b) sapphire were
measured and compared. Nanowires were grown on sapphire at 750 C and on
silicon by the two-step-method at 750 C for 10 minutes and at 850 C for 2 hours.
The diameter distribution of measured nanowires is shown in ﬁgure 6.10.a. Nano-
wires grown on sapphire have much smaller diameter range than those grown on
silicon (table 6.2). This might be caused by the more uniform distribution of gold
particles on sapphire than on silicon. The diameter dependences of the mobility
(ﬁgure 6.10.b) show that nanowires grown on silicon and sapphire have simi-
larly scattered mobility, with average values of mobility of 15 and 12 cm2/(Vs),
respectively.
The diameter dependence of the carrier concentration (ﬁgure 6.10.b) shows
that some nanowires grown on silicon have very low apparent carrier concentra-
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tion (< 1018 cm 3) as opposed to the nanowires grown on sapphire. This may
indicate the presence of the surface states in the nanowires grown on silicon. The
measurement on the wires with diameters below 100 nm and with the actual car-
rier concentration below 11019 cm 3 are dramatically aﬀected by the presence
of surface states. The blue and green curves in ﬁgure 6.6.b show the theoretical
diameter dependence of the apparent carrier concentration for nanowires with
the same actual carrier concentration of Nd = 7  1018 cm 3 and ﬁxed nega-
tively charged surface level density Nss = 1:3  1013 cm 2 for blue curve and
Nss = 7  1012 cm 2 for green curve, equation 3.43. Considering low diameter
nanowires, on average nanowire grown on silicon have higher surface state density
than nanowires grown on sapphire.
Table 6.2: Diameter, mobility and carrier concentration measured on nanowires
grown on diﬀerent substrates.
Grown Diameter Mobility at RT Carrier
on nm cm2/(Vs) concentration
cm 3
Si 100  40 15  11 81018
Al2O3 55  10 12 7 1.41019
Although there are some minor diﬀerences in the statistical study on these
nanowires, there exist nanowires of the same diameters, mobilities and carrier
concentrations grown on diﬀerent substrates that are indistinguishable in their
room temperature transport characteristics.
The temperature dependences of the resistance and the mobility of two nano-
wires (one grown on Si and one on sapphire) are shown in ﬁgure 6.11. The
nanowires were chosen to have similar resistances, diameters and carrier concen-
trations (300 kW and 1 MW, 55 nm and 49 nm, 2.51018 cm 3 and 1.31018 cm 3
– for those grown on sapphire and silicon, respectively).
Figure 6.11.a shows that the nanowire grown on silicon becomes insulating
below 50 K, whereas the nanowire grown on sapphire conducts at much lower
temperatures, some still conducting at liquid helium temperatures. Figure 6.11.a
shows that at high temperatures, when Ohmic behaviour dominates the transport
properties, activation energies of the bulk resistances in both types of nanowire are
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similar (30 meV and 32 meV in ﬁgure 6.11.a, or 20–60 meV in all the nanowires),
and activation energies of the contact resistances are similar as well (80 meV and
100 meV).
However, at lower temperatures the behaviour is drastically diﬀerent: ZnO
nanowires grown on silicon become insulating, but the resistivity of the nanowire
grown on sapphire saturates, showing “metallic-like” conductance. These two
distinct behaviours of the nanowires grown on silicon and on sapphire at low
temperatures hold true for all the measured samples. This dramatic change in
resistance may be caused by the change in both bulk nanowire conductivity and
in the contact resistance. The Schottky contact resistance cannot account for the
change in conductivity, since the Schottky barriers heights extracted from the
temperature dependences of the contact resistance are similar for both types of
nanowires (100 meV and 80 meV). Thus only the diﬀerence in the bulk properties
of the nanowires account for diﬀerent transport behaviour at low temperatures.
The bulk resistance of the nanowires may vary due to the diﬀerent types of
dopants. It is known that Al is a shallow donor in ZnO with the energy level
position at 50–120 meV [182; 236], i.e. the migration of Al from the Al2O3
substrate during the growth may cause it. In addition to a diﬀerent growth
substrate, diﬀerent growth temperatures may have an eﬀect on shallow donor
concentration. Growth at higher temperatures (for samples grown on silicon)
may reduce the number of Zni-NO complexes and H atoms, which act as shallow
donors in ZnO with activation energies 30 meV [182–184; 236]. Since the room
temperature and low temperature behaviours diﬀer so much, at least two types of
donors determine nanowire transport properties. The ﬁrst donors, with activation
energy of 20–60 meV, determine the room temperature conductivity in the
nanowires grown both on silicon and sapphire. At low temperatures the ﬁrst
donors freeze out, and only donors left in the nanowires grown on sapphire (like
Al, or H, or Zni-NO complexes) determine the position of Fermi level and thus
the nanowire conductivity. For nanowires with metallic temperature dependences
of bulk resistance, donors form an an impurity band that controls the transport
behaviour at low temperatures.
Figure 6.11.b shows temperature dependences of the carrier mobility. Mobility
of the nanowires grown on sapphire behaves as the usual semiconductor – it in-
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creases with decreasing temperature. Nanowires grown on Si cannot be analysed
in a similar fashion since at low temperatures the contact resistance becomes the
main current limiting factor and the usual method of obtaining mobility (equa-
tion 3.39) is not valid anymore. The decrease of mobility at lower temperatures
depicted in ﬁgure 6.11.b, black squares, does not represent a physical decrease in
mobility but is an artefact of the measurement.
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Figure 6.11: Comparison between nanowires grown on silicon and on sapphire at
low temperatures: (a) dependence of resistance on inverse temperature; (b) tem-
perature dependence of nanowire carrier mobility, inset: transfer characteristics
of these nanowires at room temperature.
In conclusion, transport measurements on nanowires grown on diﬀerent sub-
strates have shown diﬀerent charge dynamics in those nanowires. The low tem-
perature conductivity of the nanowires grown on sapphire is likely to be caused by
the higher density of shallow donors (H, Zni-NO complexes or Al). Al diﬀuses from
the sapphire substrate into the nanowire during the high-temperature growth. H
and Zni-NO complexes diﬀuse out of the nanowire at higher temperatures of the
nanowire growth on silicon.
6.3 Optical measurement on ZnO nanowires
Optical measurements on individual nanowires may supply useful information on
the materials properties of nanowires, such as the band gap size, the presence
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of shallow and deep defects and the spectral properties of the centres for the
radiative and non-radiative recombination.
Measuring optical properties on a single nanowire is a challenging task due
to the small dimensions of nanowire (i.e. the width of the nanowire is smaller
than the diﬀraction limit of optical microscopes). Micro-photoluminescence and
cathodoluminescence are two of the available techniques to do so.
6.3.1 Cathodoluminescence
Room temperature cathodoluminescence (CL) measurements were carried out
with Dr Paul Edwards at the University of Strathclyde. CL mapping resulting
in hyper-spectral images, i.e. having the full CL spectrum at each pixel, was
used to investigate luminescent features in nanowires and clusters. Figure 6.12.a
shows an SEM image of the part of the ZnO nanowire sample grown on sapphire
next to a scratch in the catalyst gold layer. Two isolated nanowires are seen in
this image. The hyper-spectral image of this area was processed using principal
component analysis [237]. CL maps of the same area are shown in ﬁgures 6.12.b
and c. Figure 6.12.b shows the intensity map. Both ZnO thin ﬁlms and nano-
wires give strong CL signal as expected. The intensity slightly varies over ZnO
due to diﬀerent adsorbents, structure thickness ﬂuctuations and impurities. Fig-
ure 6.12.c shows the band-edge peak position map. The band-edge peak varies
from 3.25 to 3.35 eV. The ﬁlm and clusters have, in general, a lower peak position
(3.25 to 3.3 eV) than the nanowires (3.3 eV). In order to study the band-edge
recombination in one nanowire, a line-scan was recorded from the bottom right
nanowire (ﬁgure 6.12.e,f). This ﬁgure shows that the band-edge and defect band
peak positions (3.3 eV and 1.8 eV respectively) are constant over the length of
the nanowire. On the other hand, the intensity of the band-edge peak decreases
in intensity at the top of the wire, while the defect band (at 1.8 eV) is constant
in intensity over the length of the nanowire. This might indicate diﬀerent growth
dynamics at the beginning and at the end of the growth, and thus diﬀerent incor-
poration of defects which increase non-radiative recombination. Although CL is
a powerful tool to investigate the optical properties of the nanowires, the electron
beam damages them. It reduces the luminescent intensity of a nanowire, bending
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it due to heating, evaporates atoms from it etc. Using optical excitation may be
more useful way to investigate nanowire optical properties.
6.3.2 Photoluminescence
6.3.2.1 Nanowires grown on Si and on Al2O3
The optical properties of ZnO nanowire ﬁeld-eﬀect transistors were measured
by micro-PL at room temperature. The majority of the nanowires have high
luminescent intensity and thus can provide useful information. Figure 6.13.a
shows the band-edge region of PL spectra of one representative chip with twenty
four nanowire FETs. The band-edge emission peak consists of several overlapping
narrower peaks, free, donor-bound and acceptor-bound excitons, two-electron
satellites etc. (ﬁgure 5.20). Depending on the density of shallow donors, the
band-edge emission will shift to lower or to higher energies. The PL intensity of
the devices ranges over wide limits (ﬁgure 6.13.b). This might be a function of the
position of the laser beam, the gold contact position, the luminescent intensity
of the wire itself, the polarisation of the laser beam etc. No correlation of the PL
intensity with any other measurable parameter of the device has been observed.
The dependence of the PL band-edge peak position on the diameter of the
nanowires on silicon and sapphire is shown in ﬁgure 6.13.c. A clear diﬀerence
in the optical properties is observed. Nanowires grown on silicon have a higher
average PL band-edge emission peak energy and a narrower distribution of peak
positions. The scatter in the PL peak position might occur due to several rea-
sons: diﬀerences in the nanowire band gap, the carrier concentration [238], the
concentration of impurities that correspond to donor-bound-exciton or acceptor-
bound-exciton emission, strain etc.
Figure 6.13.d shows the diameter dependence of the band-edge peak FWHM
of the nanowires grown on sapphire and silicon. Nanowires grown on sapphire
have larger average value of PL peak FWHM (140 meV) and a larger range of
FWHM, whereas nanowires grown on silicon have average value of FWHM of
100 meV becoming less scattered for nanowires with diameters larger than 100
nm. The decrease of FWHM and tendency toward one value at high diameters
is similar to the diameter dependences of the nanowire carrier concentration and
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Figure 6.12: Cathodoluminescence of ZnO nanowires: (a) SEM image of repre-
sentative as-grown sample with two nanowires over the scratch, (b) same area
map of the integrated intensity, (c) same area map of the highest peak energy
position, (d) spectrum of 1st component of the principal component analysis of
the nanowire, (e-f) PL spectral line scan along the ZnO nanowire.
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the carrier mobility described in the section 6.2.1.
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Figure 6.13: Photoluminescence of ZnO nanowire FETs: (a) Band-edge PL spec-
tra of the 20 nanowires taken from one chip, (b) diameter dependence of the
intensity of nanowire band-edge peak taken from several chips, (c) diameter de-
pendence of the PL band-edge peak position (a) and of this peak’s full width at
half maximum (b) for nanowires grown on silicon (black) and on sapphire (red).
The dependence of FWHM on the PL peak energy position depicted in ﬁg-
ure 6.14.a shows an approximately linear trend for nanowires grown on sapphire.
This linear trend may be explained by the following model. The band-edge emis-
sion consists of several closely located unresolved peaks (free exciton, donor-
bound exciton emission, two electron satellites etc. (ﬁgure 6.14.b). If, for exam-
ple, the intensity of the lower energy peak increases, the net peak will shift to the
lower energies and at the same time the FWHM will expand. The behaviour of
the two closely located Gaussian peaks have been modelled to conﬁrm this hy-
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pothesis. Model example for two levels, one with the peak position at 3.29 eV and
FWHM of 0.1 eV and another with the peak at 3.24 eV and FWHM of 0.18 eV
is shown in ﬁgure 6.14.a, open circles. The model repeats the general trend of
increase of the FWHM with the decreasing PL peak position. However, the ﬁt is
not perfect possibly due to non-Gaussian peak shape and due to the presence of
more than two peaks.
The model suggests that ZnO nanowires grown on sapphire have several dis-
tinct levels that participate in radiative recombination. On the other hand, nano-
wires grown on silicon do not exhibit this behaviour. This can be explained either
by the absence of the distinct peaks in the luminescence spectra, or by the pres-
ence of a single dominant peak. The distinct peaks in the PL of the nanowires
grown on sapphire may be attributed to the exciton bound to some distinct donor
which is not present in the nanowires grown on silicon. This explanation is con-
ﬁrmed by the low-temperature transport behaviour of ZnO nanowires grown on
diﬀerent substrates (6.2.3, table 6.14). Conductivity at low temperatures ob-
served in ZnO nanowires grown on sapphire may be deﬁned by the extra shallow
donor which is absent in the nanowires grown on silicon. As was suggested before,
this donor may be Al dopant from the substrate, Zni-NO complex or H atom.
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Figure 6.14: (a) Dependence of the FWHM of the nanowire band-edge PL peak
on the PL peak position for nanowires grown on silicon and on sapphire, open
circles are the model behaviour of two Gaussian peak system with peak positions
at 3.29 eV and 3.24 eV and FWHM of 0.1 and 0.18 eV; (b) PL spectrum of the
nanowire grown on sapphire with deconvolution into three peaks.
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Table 6.3: Main parameters of nanowires grown on silicon and on sapphire mea-
sured by optical and electrical methods.
Parameter silicon sapphire
Average diameter 10040 nm 5510 nm
PL peak position 3.30 eV 3.28 eV
PL FWHM 100 meV 140 meV
RT mobility 1511 cm2/(Vs) 127 cm2/(Vs)
LT mobiliy 0 15 cm2/(Vs)
Contact barrier height 70 meV 8020 meV
Bulk resistance 30 meV 4020 meV
activation energy
6.4 PL and electrical measurement summary.
In summary, PL and electrical measurements have been applied to study ZnO
nanowire FETs and to correlate electrical and optical properties with the growth
conditions.
ZnO nanowires are n-type with a carrier mobility of 1 to 60 cm2/(Vs) and
carrier concentration of 1018 to 1020 cm 3. The nanowires with small diameters
(below 100 nm) have large sample-to-sample variation of the carrier mobility,
carrier concentration and PL band-edge peak FWHM. At high diameters the
nanowire carrier concentration tends toward a value of 31018 cm 3, the mobility
toward 10 cm2/(Vs) and FWHM toward 100 meV. This diameter dependence is
determined by surface states which change optical and electrical properties, or by
variable growth dynamics in the nanowires with small diameters.
The low temperature measurements allowed independent investigation of the
metal-nanowire contact resistance and the bulk nanowire resistance. The contact
resistance has thermally activated behaviour at high temperatures with activation
energies ranging from 60 to 100 meV. Bulk resistance (dependent on the mobil-
ity and the carrier concentration) has a complex behaviour with many diﬀerent
mechanisms taking part in the nanowire conductivity.
ZnO nanowires grown on diﬀerent substrates (silicon and sapphire) were com-
pared. The main parameters obtained are listed in table 6.3. Nanowires grown
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on silicon have smaller average FWHM, larger average PL band-edge peak en-
ergy position and much higher resistance at low temperatures. According to this
analysis, our main hypothesis is that nanowires grown on sapphire have higher
number of shallow donors which might arise due to Al diﬀusion from the sapphire
substrate, or higher density of H atoms and Zni-NO complexes in the nanowires
grown at lower temperatures.
6.4.1 ZnMgO and heterostructure nanowires.
Field eﬀect transistors have been fabricated using ZnO/ZnMgO single and mul-
tiple quantum well heterostructures nanowires. Optical and electrical measure-
ments have been carried out on these heterostructure nanowires. No apparent dif-
ference was observed in photoluminescence and electrical measurements between
pure ZnO nanowires and core-shell ZnO/ZnMgO heterostructure nanowires. Re-
sistance, mobility, carrier concentration, photoluminescence peak and FWHM
values measured on heterostructure nanowires are scattered over the same range
as values measured on pure ZnO nanowires.
Room temperature photoluminescence measurements on ZnO/ZnMgO core-
shell nanowires (both single and multiple quantum well structures) did not show
any extra peaks. The absence of ZnMgO and quantum well peaks may occur due
to the small volume of luminescent material, due to non-radiative recombination
at the nanowire surface or due to the surface band bending.
The fact that the electrical transport properties of the nanowires do not change
after adding a ZnMgO shell indicates that the main electrical properties depend
on the ZnO core of the wires and are not aﬀected by a thin ZnMgO shell.
6.5 I-DLTS
6.5.1 I-DLTS. Temperature dependence
I-DLTS measurements were performed on four ZnO nanowires. Table 6.4 shows
their main parameters such as diameter and room temperature resistance, mo-
bility and carrier concentration. Current transients at diﬀerent temperatures
1936. ZNO-BASED NANOWIRES. DEVICES
for one nanowire are presented in ﬁgure 6.15.a. The relaxation curves show the
temperature-evolution of the current behaviour due to the deep trap. As outlined
in section 3.5.4.2, the emission rate follows an exponential law (equation 3.44).
Table 6.4: Nanowires used for I-DLTS measurements.
Nanowire No. Diameter Resistance Mobility Carrier concentration
nm kW cm2/(Vs) cm 3
No.1 60 330 16 8.51018
No.2 50 400 15 6.51018
No.3 53 260 13 1.91019
No.4 64 300 19 2.71019
I-DLTS spectra for ZnO nanowire No.1 are shown in ﬁgure 6.15.b. Peaks in
this particular I-DLTS dependence may be attributed to two electron trap levels
E1 and E2 and one hole-like trap level H1. The activation energies and apparent
capture cross sections of these traps can be determined from the Arrhenius plots
(ﬁgure 6.15.c, inset). Parameters of the deep levels measured on four diﬀerent
nanowires are listed in table 6.5. The nanowires exhibit similar hole-like trap H1
but diﬀerent electron traps. Levels E2 and E3 are present in I-DLTS spectra of
nanowires No.1 and No.2, whereas levels E1 and E4 were observed only in the
nanowires No.1 and No.3, respectively.
For a ﬁrst approximation, we will consider all the traps to be traps in the
core of the nanowire. The characteristic values of these traps (cross-section and
energy) can be compared with the values of traps observed in the literature. The
E1 trap energy coincides with the E1 level energy in [185–187] and was related to
oxygen vacancies in [186]. The E2 trap level coincides with E2 trap level in [239]
where it is also attributed to oxygen vacancies. The origin of the E3 trap is not
clear, with diﬀerent groups giving evidence for its native origin [186], its relation
to oxygen vacancies [187] and the eﬀect of hydrogen [188]. The E4 trap level is
similar to the E4 level in [187], [185] and [240], where it is attributed to oxygen
vacancies.
This crude comparison with literature data on deep levels in ZnO should
be regarded with caution, since the levels observed in this work have several
pronounced traits that are not expected from simple bulk deep traps. First,
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Figure 6.15: (a) Current transients of the nanowire No.1 at diﬀerent tempera-
tures for VG = 10 V, the negative current peak at 0.1 msec is due to equipment
response; (b) I-DLTS signal of the same nanowire normalised to a static current
measured on ZnO nanowire with deep levels indicated; (c) I-DLTS signal nor-
malised to rate window, the color-coding is the same as in the ﬁgure (b); inset:
Arrhenius plots of levels E1, E2 and H1 taken from the I-DLTS graphs in ﬁgure
(b).
Table 6.5: Activation energies and apparent cross-section of trap levels derived
from Arrhenius plots for four ZnO nanowires.
Levels Nanowire No. Energy, eV Cross-section cm2
E1 1 0.11 710 21
E2 1, 2 0.15-0.2 410 19–210 18
E3 1, 2 0.25-0.3 (1–5)10 18
E4 3 0.45 310 12
H1 1, 2, 3, 4 0.1–0.2 210 19–210 18
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whereas the I-DLTS H1 maximum value at diﬀerent rate-windows stays constant
at diﬀerent temperatures, absolute values of the peak maxima attributed to the
electron traps, E1, rapidly increase with temperature (ﬁgure 6.15.b). If we plot
the same graphs with diﬀerent normalisation, multiplying the I-DLTS signal by
its time constant (t1  IDLTS), the magnitude of the E1 peak becomes almost
constant with temperature (ﬁgure 6.15.c). This behaviour means that the de-
trapping current component dominates the carrier dynamics and the depletion
region width does not change substantially during carrier emission from the level
E1. Conversely, emission from the level H1 is dominated by the depletion width
modulation current component.
Hole-like levels, like H1, have been observed in some n-type FETs and they are
usually ascribed to the hole-traps on the un-passivated surface of the FET ([193]
and references therein). In the case of n-type ZnO nanowires, it is very unlikely
for the level H1 to be a real hole trap due to the following reasons. For some ZnO
nanowires, the amplitude of the current transient corresponding to the level H1 is
comparable to the static current through the nanowire (II-DLTS(Tmax)=I(Tmax) 
0:1   0:5), which, assuming the level H1 being a real hole trap, would indicate
concentration of holes comparable to that of electrons. No inversion current was
observed however in the FET transfer characteristics at large negative gate biases
down to –60 V and lower, indicating negligible concentration of holes. Therefore,
the level H1 cannot be a real hole trap.
Here, we cannot unambiguously determine the exact origin of the observed
levels. Therefore we will restrict our discussion to the phenomenological descrip-
tion of the trap recharging characteristics.
6.5.2 I-DLTS. Quiescent gate voltage dependence
Additional information from the I-DLTS measurement can be obtained by varying
the quiescent gate voltage bias VGQ:
A. In the case of bulk traps, according to the simple model shown in ﬁg-
ures 3.16 and 3.19, a varying quiescent gate voltage changes the radial position of
the edge of the depletion region Wd(VGQ). Consequently, a positive gate voltage
pulse VG will populate and depopulate deep levels located between the positions
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Wd(VGQ) and Wd(VGQ + VG). Thus, the quiescent gate voltage dependence of
the I-DLTS signal with ﬁxed VG may give information on the radial distribution
of the deep traps in nanowire.
B. In the case of surface traps, a higher positive quiescent voltage will lower
the barrier Eb for electrons between the nanowire core and the surface traps
(ﬁgure 3.19.b.2, equations 3.30 and 3.32). Thus we would expect faster electron
capture at higher VGQ. Capture-mode I-DLTS is needed to study electron capture,
during which the gate voltage pulse is kept negative and the current transient is
measured after the negative gate voltage pulse.
Figure 6.16.a shows I-DLTS measurements taken on nanowire No.3 at two
diﬀerent quiescent gate voltages (the blue curve shows VGQ =  10 V and the red
one VGQ = 0 V, with VG = 10 V in both cases). The blue curve shows one
electron level E4 with a broad peak at a temperature around 220 K (the level
E4 in table 6.5 with activation energy 0.45 eV) and the red curve shows one hole
level H1 with a peak at 242 K (the level H1 in table 6.5 with activation energy
0.20 eV). The H1 peak magnitude is 50 times larger than that of the E4 peak.
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Figure 6.16: (a) Emission-mode I-DLTS measurement on a ZnO nanowire with
diﬀerent quiescent gate voltage: VGQ = 0 V (red), VGQ =  10 V (black), the
hole-like peak in red curve is observed at 242 K, emission rate constants t1=t2 was
1.6/3.2 msec; (b) quiescent gate voltage VGQ dependence of the I-DLTS signal
magnitude and the relative emission activation energy for the same nanowire,
gate voltage pulse is 4 V, T = 242 K.
Figure 6.16.b shows the evolution of the I-DLTS peaks from ﬁgure 6.16.a at
242 K in more detail. The I-DLTS signal is measured with the gate voltage pulse
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VG ﬁxed at 4 V, and the quiescent gate voltage varied from –10 to +6 V. No
I-DLTS signal is observed at large negative quiescent voltage <  6 V. At these
gate voltages the barrier for electrons Eb to travel from the nanowire core onto
the surface trap levels is very high, making it virtually impossible for electrons
to get trapped. Thus no I-DLTS peak is observed at large negative quiescent
voltages. At higher quiescent voltages (–6 V < VGQ < –4 V) the negative I-DLTS
signal E4 appears. This corresponds to normal electron emission from the surface
trap E4 over the surface barrier into the nanowire conduction band, which causes
the surface barrier to decrease, the depletion region to shrink and the current
through nanowire to increase. At quiescent voltages higher than –3 V, the large
positive I-DLTS signal (H1) dominates the current transient. The next paragraph
addresses the level H1 in more detail.
The positive sign of the peak H1 may be explained by hopping transport
behaviour. However, with decreasing quiescent gate voltages, the electric ﬁeld
that sweeps electrons from the surface becomes larger. This will reduce the
hopping activation energy according to the Poole-Frenkel eﬀect [241], and hence
reduce the emission rate. However inspection of the decay curves showed that
the emission time constant does not vary with the quiescent voltage – it stays
at 1.40:05 msec for quiescent voltages from 0 to 6 V. The emission activation
energy, calculated using equation 3.44, is plotted in ﬁgure 6.16.b (blue squares).
The level H1 activation energy changes non-monotonically by only 1 meV when
the gate voltage is varied from 0 to 6 V, which rules out the simple thermally
activated hopping mechanism. In addition, the level H1 cannot be attributed
to a simple gate voltage leak at positive gate voltages, since in nanowire No.4
the I-DLTS magnitude of the same level H1 was nearly constant at quiescent
voltages ranging from –10 V to +6 V. All these facts suggest a more complex
picture of the electron re-charging dynamics than the simple picture presented in
section 3.5.3.2.
Capture-mode I-DLTS was carried out on the same nanowire sample (ﬁg-
ure 6.17). Figure 6.17.a shows capture-mode I-DLTS spectra with the most
prominent peaks at 220 K and 230 K. We assume that these two peaks cor-
respond to the process of carrier capture by the same surface trap level which we
denote by C1. According to the model in ﬁgure 3.19.b.2, the level C1 exhibits
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Figure 6.17: (a) Capture-mode I-DLTS measurement on a ZnO nanowire with
diﬀerent quiescent gate voltage: VGQ = +10 V (red), VGQ = 0 V (blue), emission
rate constant t1=t2 was 0.4/0.8 msec. Hole-like peaks are observed at 220–240 K;
(b) quiescent voltage dependence of the capture-mode I-DLTS signal and capture
activation energy, gate voltage pulse is –4 V; inset: current transient at VGQ =
10 V, VG =  4 V, blue line shows the exponential ﬁt to the experimental data.
varying capture activation energy (or barrier energy) depending on the quiescent
voltage. The barrier energy Eb decreases from 0.4 eV to 0.3 eV when the quiescent
voltage increases from 0 to +10 V (ﬁgure 6.17.a). This value is similar to that
obtained from the model described in section 3.5.3.2, ﬁgure 3.17.
Figure 6.17.b shows more detailed quiescent voltage dependence of the I-DLTS
signal magnitude, with ﬁxed gate voltage bias of –4 V. The peak increases with
quiescent voltage. Since the capture follows an exponential time-dependence
(ﬁgure 6.17.b, inset), the capture time-constant can be inferred from the ﬁt. The
capture time constant changes from 0.5 to 0.17 msec when the quiescent voltage
increases from +4 to +10 V. The capture activation energy (or barrier energy
Eb) is calculated using equation 3.48 for VGQ > 4 V and plotted in ﬁgure 6.17.b,
blue squares. The barrier energy monotonically decreases as expected from the
depletion region model.
Although level H1 and level C1 are observed at similar temperatures, they
cannot represent the same trap level due to the diﬀerent dynamics. The level
H1 may correspond to SiOx-ZnO interface states or to states on the ZnO-contact
interface.
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6.5.3 Conclusion
In conclusion, we have proposed and successfully implemented the I-DLTS method
with gate-voltage pulsing to probe deep electronic states in individual ZnO nano-
wires. A variety of deep levels (E1, E2, E3, E4 and H1) were observed, with
both electron-like and hole-like character. A comparison with the literature was
made to understand the origin of the deep levels. A model of the nanowire cur-
rent transient was applied to the results. Levels exhibiting dominant detrapping
and depletion width modulation current components were distinguished from the
I-DLTS temperature dependences.
Quiescent voltage dependences were used in order to study electron emission
and capture on surface states. The surface barrier was found to be 0.3–0.4 eV at
240 K.
Although the levels observed originate from the features of the ZnO nanowire
FET and are most likely surface related defects, it is not clear yet whether these
levels are intrinsic to ZnO nanowires, or whether they are ZnO-SiO2 or ZnO-
contact interface levels.
6.6 Generic ZnO nanowire
Figure 6.18 shows a room temperature band diagram of a generic ZnO nanowire
grown by MBE. According to the PL measurements in section 5.5, the band gap is
3.30 eV. The average nanowire is 54 nm in diameter, with the carrier concentration
of 1.41019 cm 3 measured by ﬁeld eﬀect in section 6.2.1. The Fermi level lies
0.02 eV above the conduction band minimum calculated based on the average
carrier concentration and the eﬀective density of states in ZnO (section 6.2.1).
According to the capture-mode I-DLTS measurements, ﬁgure 6.10 and depletion
region model (section 3.5.3.2), the surface barrier energy and surface state density
are 0.4 eV and 81012 cm 2 respectively. The surface states spectrum consists of
localised states. Some of them may be free of electrons at ambient conditions and
some have captured electrons (open and closed squares in the ﬁgure respectively).
An example localised state (the level E4, according to I-DLTS measurement) lies
0.45 eV deep in the band gap.
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Figure 6.18: Generic ZnO nanowire with parameters inferred from electrical mea-
surements.
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Conclusions and future work
7.1 Conclusions
In this work I have studied semiconductor nanowires grown by molecular beam
epitaxy for electronics applications. Nanowires were studied by SEM, HRTEM,
XRD, XPS, EDX, PL and electrical transport.
InAs, InAsP and InAsSb nanowires were grown by solid-source MBE self-
catalytically on silicon substrates. Study of phosphorus incorporation revealed
that the phosphorus incorporation rate coeﬃcient is 10 times smaller than that of
arsenic. A mechanical exfoliation technique was used to discriminate the eﬀects of
the zincblende InAsP clusters and the mostly wurtzite InAsP nanowires. Study
of antimony incorporation showed that antimony aﬀects the nanowire crystal
structure, changing it from wurtzite with a high density of various defects to
zincblende with a low density of stacking faults. The decrease in the stacking fault
density also improved the nanowire transport properties – the carrier mobility
tripled upon addition of 15 % of Sb. The band gap of resulting zincblende InAsSb
nanowires was shown to vary from 0.32 to 0.41 eV at low temperature. The band
gap of wurtzite InAsP nanowires was shown to vary from 0.37 to 0.5 eV.
ZnO and ZnMgO nanowires and ZnO/ZnMgO core-shell nanowires were grown
by plasma source MBE with use of a gold catalyst on various substrates. The
conditions for ZnO nanowire growth were optimised to achieve high yield growth.
ZnO nanowires grow in the wurtzite structure without any crystallographic de-
fects. A study of magnesium incorporation showed that at Mg content higher than
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20 %, the rocksalt phase segregates in the as-grown samples. The magnesium in-
corporation rate is four times lower than that of zinc. ZnO/MgO, ZnO/ZnMgO
and multiple ZnO/[ZnMgO/ZnO]4 core-shell nanowires have been grown by grow-
ing the core and the shell at 750 C and 500 C respectively. HRTEM and PL
conﬁrmed the shell formation.
ZnO nanowire FETs with Ohmic drain-source contacts were fabricated and
optimised and their electrical and optical properties were studied. The nanowire
carrier concentration and carrier mobility vary from 1018 to 51020 cm 3 and
from 1 to 60 cm2/(V sec) respectively. Low temperature transport characteristics
of ZnO nanowires have been investigated and allowed the study of diﬀerent con-
ductivity mechanisms, deﬁned by the contact properties and the bulk nanowire
properties. Transport properties and PL measurement of nanowires grown on
silicon and sapphire indicated the presence of an extra shallow donor in nanowi-
res grown on sapphire, which is likely to be H, Zni-NO complex or Al. A novel
method to study trap levels (I-DLTS) in semiconductor nanowires was applied
to ZnO nanowire FETs. Several defects with diﬀerent temperature dependences
were observed. Diﬀerent mechanisms were proposed and analysed.
7.2 Future work
7.2.1 Optimisation of the growth conditions
Control over nucleation of nanowires will potentially result in repeatable growth
parameters of both InAs- and ZnO-based nanowires. In the case of InAs nano-
wires, self-catalysed nucleation depends on the precise oxide thickness and the
properties of the oxide openings. The accurate choice of substrate tempera-
ture and component BEPs may result in better crystallinity of the nanowires.
In the case of ZnO nanowires, improvement of the yield of gold particles can
be achieved by controlling the chemical potential of the droplets by starting the
nanowire growth at diﬀerent temperatures or by saturating the gold droplets with
zinc metal atoms before introducing oxygen. The chemical treatment of growth
substrates may improve growth control by removing residual oxides or organic
204components. The choice of diﬀerent substrates such as monocrystalline GaN or
ZnO may improve the growth characteristics.
7.2.2 Nanowire devices
Improvements to ZnO nanowire FET performance will be made next. First, the
nanowire surface can be passivated by in-situ MgO shell deposition or by ex-situ
SiN/SiO insulator deposition. Nanowire FET annealing may be used in order to
improve low temperature Ohmicity of the nanowire-metal contact.
Further eﬀorts will be made into the research of correlated transport phenom-
ena, in particular Majorana particle study, in defect free InAsSb nanowires.
7.2.3 Nanowire heterostructures
The next natural step in the functionalisation of InAs-based nanowires is to grow
InAs/InAsP and InAs/InAsSb heterostructure nanowires and study their electri-
cal and optical properties.
The further study of ZnO/ZnMgO nanowire heterostructure devices requires
the optimisation of heterostructure nanowire growth. The control over radial
growth rates and over the heterostructure interface is needed to fabricate working
devices.
In order to conﬁrm the presence of multiple quantum well heterostructures and
the quantum conﬁned Stark eﬀect proposed in section 5.7.3.2, low temperature PL
and CL should be carried out on nanowire ensembles and on individual nanowires.
Since ZnO/ZnMgO thin ﬁlms exhibit a two-dimensional electron gas at the
heterointerface, the possibility of a cylindrical 2DEG at the interface between
ZnMgO and ZnO in ZnO/ZnMgO core-shell nanowires may promise many ap-
plications ranging from high mobility nanowire transistors experiments in funda-
mental physical phenomena. Hence the low temperature study of ZnO/ZnMgO
core-shell nanowire transport and magnetotransport is the next step in oxide
core-shell nanowire heterostructures.
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7.2.4 I-DLTS
Improved I-DLTS theory and semiconductor device modeling are needed for a
complete understanding of the nanowire current transient behaviour.
In addition, a variety of material systems can be studied by the I-DLTS
method. I-DLTS may give information on the defect states that account for
sensing properties in nanowires; and more sophisticated analyses of defect depth-
proﬁling may give information on the spatial location of defect states in nanowires
with non-uniform composition (such as axial and core-shell nanowires).
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